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ABSTRACT
The low alloy steels, 2.25Cr-lMo (CrMo) and 0.5Cr-0.5Mo-0.25V (CMV), are two of 
the most widely used creep resistant steels in the power generation and petroleum 
industries of Australia. This project involved the accelerated creep tests of repair welded 
CrMo steel which was aged at 190,000 hours at an operating temperature of 565°C and 
repair welded CMV steel which had been in service for 120,000 hours at an operating 
temperature of 538°C. Two welding procedures with varying heat inputs were used for 
the repair welding process: a high heat input (HHI) procedure and a low heat input 
(LHI) procedure.
The results of creep tests of repair welded samples and detailed optical and scanning 
electron microscopy of failed cross-weld specimens are reported. Predictions of 
remaining life were made using ‘temperature versus time’ graphs, parametric 
extrapolation techniques (Larson-Miller Parameter), and the ‘A’ Parameter. In addition, 
microstructural analysis (Neubauer and Toft & Marsden Classifications), hardness testing 
and FEA models have been used as complementary indicators of remaining life.
It was demonstrated that CrMo and CMV cross-weld samples had similar creep-rupture 
lives at the selected testing temperatures, with CrMo out-performing the CMV weldment 
in terms of microstructural damage and creep life. Also, the HHI cross-weld samples 
unexpectedly out-performed the LHI samples which were designed to be superior.
The Larson-Miller parameter approach allowed predictions of remaining time in each 
weldment zone as did the ‘A’ parameter technique, but with less success.
Also, contrary to normal in-service component failure in the intercritical HAZ, sample 
failures predominantly occurred in the WM region by intergranular cavitation. It is 
concluded that the high temperature (accelerated) creep testing, although revealing 
important metallurgical information, altered the failure site because of the temperature 
sensitivity of the creep strengths of the various weldment zones. SEM analysis revealed
IV
that cavitation nucleated by non metallic inclusions was an important feature of the 
ductile creep failures which occurred in the WM and HAZ regions, and FEA modelling 
of creep specimens indicated that the WM region adjacent to the HAZ is subject to the 
highest levels of stress concentration.
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CHAPTER 1
INTRODUCTION
2
1. INTRODUCTION
The repair and maintenance of welded pressure vessel and pipline steels can be a costly 
problem. When a weldment component has failed due to creep, the two common solutions 
are repair or replacement. If weld repair is possible it is the most convenient and 
economical method for minimising shut down time and costs.
Concerns over weld integrity have developed over the numerous creep related failures in 
weldments at elevated temperatures. This has led to a three year project sponsored by the 
Co-operative Research Centre (CRC) for materials welding and joining. This project is 
titled: “Welding of Thermally Modified Structures” and involved the accelerated creep 
tests of repair welded specimens.
Two different low alloy steels were tested in this project, namely, 2.25Cr-lMo (CrMo) 
and 0.5Cr-0.5Mo-0.5V (CMV). Ex-service CrMo steel was repair welded (butt welded) 
and cross-weld creep tests were conducted at varying elevated temperatures (between 
640°C and 690°C) and at an initial stress of 40 MPa. Similarly, virgin CMV was butt 
welded to ex-service CMV and cross-weld creep tests were conducted at the same 
varying elevated temperatures and constant initial stress. The principal aim of this project 
was to use these tests to determine the remaining life of CrMo and CMV weldments 
welded by two different welding procedures, namely, a low heat input weld procedure 
(LHI) which typified optimum weld properties and a high heat input (HHI) weld 
procedure which typified pessimistic weld properties13,14. Both weld procedures used the 
same weld consumable which was a low hydrogen iron powder electrode containing 
approximately 2.25% Cr and 1% Mo. However, the weld layout and the average heat 
input differed for each welding procedure. The average heat input for the LHI weld 
procedure was 0.8-0.9 kJ/mm and the average heat input for the HHI weld procedure was 
2.2-2.4 kJ/mm.
Three different remaining life assessment techniques were considered. First, remaining life 
calculations were made by extrapolating from ‘temperature versus time’ graphs. This
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involved plotting temperature and time to rupture data from the accelerated creep tests 
to obtain an estimation of remaining life at the operating temperature via extrapolation.
Secondly, the Larson Miller Parameter (LMP) which is a parametric extrapolation 
technique was also used. The LMP expression was used to determine the time for the 
material to rupture at a given temperature. Also, combined with the additional property 
of hardness, LMP master curves were constructed using data obtained from HHI CrMo 
accelerated creep tests conducted at 663 °C. These master curves can then be used to 
determine the time or temperature required to reach a certain hardness level in various 
weldment zones.
The ‘A’ parameter technique was used in determining the remaining life of interrupted 
accelerated creep tests with mixed success. This technique relies on measuring the 
number fraction of cavitated grain boundaries and applying a formula developed by 
Shammas to determine the remaining life in hours47.
Additional objectives included using hardness, microstructural (cavitation and 
microstructural degradation assessment) and fracture analysis (SEM) as complementary 
indicators to the above mentioned remaining life assessment techniques and to determine 
the mechanisms and nature of failures. Moreover, a finite element analysis (FEA) model 
was developed by the Engineering Analysis group at ANSTO to calculate the stress 
concentrations across a cross-weld sample and to hence provide a comparison with the 
actual failure site of accelerated creep-rupture tests.
Finally, accelerated creep test results (microscopy/hardness) were compared with the 
results obtained from a service-failed CMY pressure pipe which was welded to CrMo 
steel. Interestingly, similar results were observed.
CHAPTER 2
LITERATURE REVIEW
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2.1 THE MATERIALS
Steels containing alloy additions less than 3%wt are classed as low alloy steels. In 
particular, the steels investigated in this project are known as Cr-Mo steels. For a 
steel to be classed as a Cr-Mo low alloy steel it must contain 0.5-0.9% chromium 
and 0.5 or 1 % molybdenum29. The carbon content is usually less than 0.2% and 
vanadium may also be added in small quantities (less than 0.25%) to improve 
mechanical properties at higher temperatures.
Cr-Mo steels are extensively used in the petroleum industry and in steam 
generating power plants for elevated temperature applications. Specific 
applications include steam pipework, pressure vessels and headers within these two 
industries. The steels 0.5Cr-0.5Mo-0.25V (CMV) and 2.25Cr-lMo (CrMo) in 
various heat treated conditions are amongst the most commonly used in Australia 
for applications in the two above mentioned industries.
Obviously, chromium and molybdenum are the main alloying additions in this class 
of low alloy steels. However, also present are carbon, silicon, manganese, sulphur 
and phosphorus13. Moreover, vanadium can be added to produce a more creep 
resistant steel.
Cr-Mo steels are heat treatable, and as a result different microstructures may be 
produced by annealing, normalising, and quenching and tempering. Factors such as 
the cooling rate and carbon content affect the proportion of bainite and/or 
martensite that forms, with faster cooling rates and higher carbon contents 
increasing the percentage of bainite. For example, in CrMo steel with greater than
0.12%C an all bainitic structure is produced by normalising (heating above the 
transformation temperature and cooling in air)24.
Mechanical properties of Cr-Mo steels are dependent on heat treatment and the 
alloying elements present. Elements such as Cr, C and Mo are the essential
strengthening elements. Additionally, the presence of V will increase the 
hardenability. The roles of each alloying addition in determining the general 
properties of the steel are discussed in the following sections.
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2.1.1 The Effect of Chromium
Cr is an element which is commonly used in combination with Ni and Mo. 
Regarded as a ferrite stabiliser, it is considered that Cr kinetically surpresses the 
austenitic transformation (and lowers the transformation temperature slightly)24.
Together with Mo, Cr improves weld metal toughness and the precipitation of its 
carbides restrict formation of proeutectoid ferrite at prior austenite grain 
boundaries either by pinning or dragging effects24. Increasing the Cr content results 
in improvements in the creep-rupture and the tensile strengths of Cr-Mo steels.
The main effect of Cr is that it improves the oxidation resistance rather than 
significantly improving the creep properties29. However, the corrosion rate at 
higher temperatures does not vary significantly when Cr is increased by up to a few 
percent, and therefore the cost and elevated temperature properties are considered 
to be optimised for CrMo. It has been shown that there are no increases in the high 
temperature tensile and creep strengths for Cr contents higher than 2.25%.29
2.1.2 The Effect of Molybdenum
Similar to Cr, Mo increases the hardenability of low alloy steels, but the amount of 
Mo is usually limited to 0.5-1.0wt%. Mo through the formation of M02C carbides 
is a major contributor to the creep strength of low alloy steels such as CMV and
CrMo24.
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The M02C carbides increase the creep strength by providing barriers to dislocation 
motion. Moreover, Mo improves the weld metal toughness and also the 
precipitation of Mo carbides restricts the formation of proeutectoid ferrite at prior 
austenite grain boundaries by interface pinning24.
Both Cr and Mo can be lost by oxidation during welding, and therefore selection of 
suitable shielding gases in the welding process is necessary to avoid this problem13.
2.1.3 The Effect of Vanadium
Vanadium very rapidly increases the hardenability of steel and it is successfully 
used in conjunction with Mo and Cr in a number of high temperature resistant 
weldable steels.
Vanadium is considered to reduce the development of ferrite side plates at prior 
austenite grain boundaries. Hence, the growth of the side plates is restricted due to 
pinning by interphase precipitation of the fee V4C3 carbide during the austenite to 
ferrite transformation. The effectiveness of V4C3 as dispersion strengthening 
precipitates under service conditions depends mainly on temperature rather than 
exposure time. Although the tendency for V4C3 to occur is low, its contribution to 
creep resistance is invaluable24.
Alloying of V with Mo and Mn minimises the precipitation hardening potential of 
V because the hardenability is increased by suppression of the austenite to ferrite 
transformation. This alloy combination can also lead to general refinement of the 
microstructure and increased proportion of bainitic ferrite24.
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2.1.4 Other Additions
Elements such as carbon, silicon, manganese, sulphur and phosphorus are present 
in small quantities in CMV and CrMo steels. Carbon is the major element that 
determines the weldability of the steel and it also plays a vital role in the formation 
of carbides (VC, MoC and CrC) which impede dislocation movement and increase 
the strength of the steel. The carbon content in Cr-Mo steels intended for welding 
must be limited to less than 0.25% to maintain a suitable toughness in welded 
joints1'.
Manganese reacts with S to form MnS, preventing the formation of iron sulfide 
inclusions which can cause hot cracking in both the base metal and weld metal. As 
an austenite stabiliser Mn promotes hardenability and it has approximately a 
quarter of the hardening effect of carbon13.
Silicon, a ferrite former, increases the casting fluidity and greatly improves 
oxidation resistance. However, like carbon its presence must be limited because it 
affects the toughness of welds. The tolerance a steel has to silicon can be enhanced 
by balancing with manganese, especially in the weld metal.24,37
Finally, the presence of sulphur and phosphorus as impurities can result in poor 
weldability. Phosphorus in steels promotes cracking, more so when sulphur is
present1'.
In summary:
• C improves mechanical properties of tensile strength and creep rupture 
strength, as well as hardenability,
• Mo increases the creep rupture strength by solid solution strengthening and the 
formation of carbides (M02C),
• Cr increases the resistance to hydrogen attack and oxidation, and it forms 
strengthening carbides,
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• Mn prevents the formation of iron-sulphides which promote hot-cracking 
problems,
• Si increases the fluidity of the weld metal and improves deoxidisation, and
• V improves creep resistance by the formation of vanadium carbides.37
2.1.5 Strengthening Mechanisms in Cr-Mo Low Alloy Steels
The two predominant strengthening mechanisms in Cr-Mo steels are precipitation 
and solid solution strengthening. Precipitation strengthening can be defined as 
hardening by the precipitation of small second phase particles16 and it is usually 
developed by ageing after solution treating and quenching of the alloy. However, 
ageing by precipitation can occur during cooling after an elevated temperature 
treatment. For example, in CMV steel, precipitation of fine coherent M02C and 
V4C3 carbides can occur during normalisation and these carbides can act as barriers 
to dislocations which can move past the precipitate particles by particle shear. The 
level of strengthening will depend on the shear strength of the particles. Coarser, 
incoherent particles are not normally sheared by dislocations, and are bypassed by a 
bowing mechanism. Creep strength and tensile strength are affected by the 
following factors:
• particle size,
• particle shape,
• particle distribution,
• volume fraction of particles, and
• coherency of particles.
Several types of carbides can form in Cr-Mo alloys, depending on the conditions of 
heat treatment. These include Fe3C, M02C, Cr7C3, M23C6 and MgC, all of which 
contribute to precipitation strengthening37.
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Additionally, solid solution strengthening occurs in low alloy Cr-Mo steels. Solid 
solution strengthening arises from the introduction of solute atoms into a solid 
solution based on the solvent atom crystal structure. Strength is invariably, but 
usually only mildly, increased16. Alloying elements in solid solution can enhance 
creep resistance if they lower the stacking fault energy (SFE), because of 
dislocation dissociation and increased difficulty for climb or cross slip.37
According to Lundin et a/37, solid solution strengthening is mainly due to the 
interaction between interstitial elements (carbon) and carbide forming 
substitutional alloying elements. Two strengthening mechanisms are proposed for 
solid solution strengthening.
First, if the affinity between interstitial and substitutional atoms is stronger than 
that between the interstitial atoms and dislocations, then the interstitial atoms 
remain bound to the substitutional atoms in the lattice and strengthening results 
from the interaction of dislocation with the elastic strain fields of the solute- 
interstitial atom clusters. These clusters are pre-cursors to precipitate nucleation.
Second, if the interstitial atoms are bound more strongly to dislocations than they 
are to substitutional atoms, the dislocations carry or drag interstitial atmospheres 
which interact with the less mobile substitutional atoms in the lattice. Therefore, 
the mechanism is one of solute drag. Both mechanisms can occur in a particular 
steel.
2.1.6 Low Alloy Steel CMV
This steel is most commonly used in the electricity generating industry in steam 
pipelines. Its microstructure is mainly ferritic with colonies of tempered pearlite or 
bainite. After several thousand hours of service its microstructure consists of a 
coarsened ferrite grains and degraded bainite (which consists of local 
concentrations of ferrite and a carbide dispersion)13.
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The ‘normal’ heat treatment for these steels to be used for steam pipelines is 
normalising at 950-980°C, followed by tempering at 660-710°C for approximately 
3 hours. This heat treatment leads to a microstructure of ferrite and tempered 
bainite.
Elemental analysis carried out by ANSTO on a typical CMV steel is given in Table 
1.
Table 1: Chemical analysis of CMV steel pipe material13
Alloying Element Weight %
C 0.15 (maximum)
Si 0.10-0.30
Mn 0.40-0.70
Cr 0.25-0.50
Mo 0.50-0.70
V 0.22-0.28
S 0.04 (maximum)
P 0.04 (maximum)
The chemical composition together with the heat treatment to which this material 
is exposed, is the basis of the complex structures observed.
In the predominantly ferritic structure which at times contains up to about 10% 
bainite, it is established that alloy carbides (M02C, V4C3) are able to precipitate 
concurrently with the direct transformation of austenite to ferrite59. The ferrite 
phase develops from the original austenite boundaries and periodic precipitation of 
carbide at the austenite-ferrite interface which propagates by stepwise movement 
of the phase front, with the generation of a banded dispersion of carbide particles 
in the ferrite region.
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Microstructural changes that occur during service of CMV are the formation of 
degraded bainite and extensive precipitation within the ferrite. Figure 1 illustrates 
these structural features.
1 2
Figure 1: Ex-service CMV material showing ferrite and severely degraded bainite.
X 1000.13-14
Table 2: Properties of CMV steels13.
Tensile 0.2% Proof Elongation Specified
strength stress at 500° (%) minimum yield HV
(MPa) (MPa) at 4(S0)°'5 
gauge length
strength
(MPa) New Exposed
462* N/A 17% min 292.6 - 1 5 0  - 1 3 0
* normalised
13
Table 2 shows typical pre-service mechanical properties for a CMV steel. The 
hardness is also recorded after 180,000 hours of service at a temperature of 500- 
550°C. The Vickers hardness of this material has been reduced by only 20HV. 
Thus the outstanding high temperature properties of this material are evident.
2.1.7 Low Alloy Steel CrMo
This common low alloy steel is used mainly in the petroleum and electricity 
industries for components such as pressure vessels, headers and pipes. The typical 
microstructure after heat treatment in a manner similar to CMV, is also a mixture 
of ferrite and bainite13'24. After many thousand hours of service the prevalent 
microstructure (optical) is a severely degraded bainite and ferrite containing 
carbide precipitates1'.
Chemical analysis of a CrMo steel used in a header material is given in Table 3. 
Table 3: Chemical analysis of CrMo header material.13
Alloying Element Weight %
C 0.17 max
Si 0.50
Mn 0.27-0.63
Cr 1.88-2.62
Mo 0.85-1.15
V -
S 0.035
P 0.035
Typical pre-service mechanical properties of CrMo steel in the normalised 
condition are listed in Table 4.
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Table 4: Properties of CrMo13.
Tensile
strength
(MPa)
0.2% Proof 
Stress at 
500°C (MPa)
Elongation
(%)
Yield Strength 
(MPa) 
Exposed
New
HV
Exposed
517 N/A N/A 310 -160 -130
Table 4, similar to Table 3, shows that the Vickers hardness of CrMo is reduced by 
30 points, after 180,000 hours of exposed service at temperatures of 500-550°C. 
On comparing the properties of CrMo and CMV steels it is evident that CrMo is 
the stronger of the two materials in the virgin condition. However, after exposure 
in service under the specified conditions, the hardness of the two materials is the 
same, approximately 130 HV.
In CrMo, a pearlite structure is developed by slow cooling at 100°C per hour from 
925°C27. Bainitic structures can be formed by isothermal quenching to 455°C and 
the type of microstructure that will exist at room temperature is largely dependent 
on the cooling rate, as indicated by the continuous cooling transformation diagram 
in Figure 2.
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Figure 2: Continuous cooling transformation curve for CrMo.27
Figure 2 indicates a typical cooling rate during welding of a thin plate with 490°C 
preheat and 0.21kJ/mm heat input; and thick plate with 240°C preheat and 
2.5 lkJ/mm heat input. Also shown is the position of the ferrite nose.
Analysis of Figure 2 indicates that the cooling rate required to obtain the usual 
structure of ferrite and bainitic ferrite is approximately 220°C per minute which is 
equivalent to cooling in air. The micro structure in the annealed condition is 
predominantly ferrite with carbide in the form of upper bainite and as cooling rate 
increases the percentage of bainite increases. According to Lundin and Wang37, 
when carbon content is greater than 0.12% in CrMo an all bainitic microstructure 
is produced by normalising and martensite is produced by quenching in oil or 
water.
In the fully annealed or normalised condition the main uses for the material lie in 
welded pipes.
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2.2 WELDS and REPAIR WELDMENTS
2.2.1 Welding Metallurgy of Cr-Mo Steels
Weldability is defined as the capacity of a metal to be welded under fabrication 
conditions and to perform satisfactorily in its intended service13. The weldability of 
Cr-Mo steels is limited to some extent because of their relatively high carbon 
equivalent37. The welding procedures must contain necessary precautions to 
prevent cracking in the weld metal and the HAZ. Without these precautions 
quench cracking and hydrogen induced cold cracking are likely outcomes.
To avoid cracking in Cr-Mo weldments appropriate preheat treatments and 
welding consumables (for example, filler materials, gas shielding) must be used. 
Moreover, postweld heat treatments can be adopted to improve toughness of the 
weld metal and the HAZ. For the successful welding of Cr-Mo steels like CrMo 
the following conditions are recommended37:
• low hydrogen welding processes must be used,
• filler metal composition should be nearly the same as that of the base metal, and
• welding parameters should be defined in accordance with the application for 
which the weldment is to be used.
The alloying elements Cr, Mo and V enhance the susceptibility of a steel to stress 
relief cracking, which is an intergranular cracking in the HAZ or weld metal after 
PWHT (post weld heat treatment). According to Lundin and Wang37, this type of 
cracking appears to be related to the segregation of free impurities to grain 
boundaries.
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2.2.2 Repair Welds
Repair welds in CrMo and CMV steels can be required because weldments in high 
temperature applications have a reduced life compared to the parent material. The 
life reduction is primarily caused by a mis-match in properties between the weld 
metal, HAZ and the parent metal, with the latter usually having the highest creep 
resistance. Additionally, repair welds may contain defects.
A repair weld is made when a damaged part of the weldment needs to be removed 
by appropriate means, such as grinding. Weld repair of weldments usually show 
that creep damage is found in or near the weld and it frequently occurs sooner than 
expected44. When an engineering component has failed or will not perform the 
designed function, two choices are usually evident: repair or replacement.
Weld repair is usually the most convenient and economical method and hence it is 
used extensively in a number of industries. For example, it is used in the petroleum 
and electricity industries.
The main advantage associated with weld repair is its cost effectiveness, that is, it 
is cheaper than replacement of a component and less time consuming. Also, if weld 
repair is the selected option, then the question arises which welding process, 
welding materials and parameters for welding should be used.
Another advantage of repair welding is that it can be accomplished while the 
system is still in service. All of these advantages ultimately lead to savings in cost 
which combined with safety, is a major concern of industry.
Repair welds can be performed by a number of different welding techniques, with 
the two most common techniques for Cr-Mo steels being Manual Metal Arc 
Welding (MMAW) and Gas Tungsten Arc Welding (GTAW)14.
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2.2.2.1 Gas Tungsten Arc Welding (GTAW)
GTAW is an arc welding process in which joining is produced by heating with an 
arc between a tungsten electrode and the work piece28. Figure 3 illustrates the 
principles of the GTAW process and Figure 4 shows a schematic of manual TIG 
welding. GTAW does not require a filler material, but if a filler is required molten 
droplets are fed into the pool from a separate filler wire.
Figure 3: Schematic Representation of GTAW34.
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The tungsten electrode is a non-consumable ‘torch’ with its sole function being a 
heating element. Under the protective gas shield metals can be joined by heating 
above their Tm and therefore obviously not require a filler material. If the work is 
too large or a joint preparation is required, then a filler material must be added (see 
Figure 3). The shielding gases used for TIG welding are usually argon and/or 
helium. Advantages of the GTAW process are (i) that alloy losses due to welding 
are negligible in low alloy steels; and (ii) that the first weld can be laid in the 
bottom of a groove with complete penetration and with a uniform, continuous bead 
on the other side34.
For the repair welding of CrMo and CMV, GTAW is often used for the root run 
and MMAW is used for filling the joint.
2.2.2.2 Manual Metal Arc Welding (MMAW)
MMAW is an arc welding process which implies the process uses an electric arc as 
a source to heat and join metals28. MMAW or Shielded Metal Arc Welding 
(SMAW) as it is commonly known is one of the most simple, flexible and therefore 
most common forms of welding. The process is used by small welding shops and 
home mechanics, for applications in industrial fabrication and structural steel 
erection’4. Figure 4 shows a schematic representation of manual metal arc welding.
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Figure 4: Schematic Representation of MMAW34.
An electric arc is struck between the electrically grounded work and a 0.2-0.4 
metre length of covered metal rod (the electrode). The electrode is clamped into an 
electrode holder, which is joined to the cable to the power source. When the tip of 
the electrode comes into contact with the work and then withdraws it to establish 
an arc, a welding circuit is formed. The heat from the arc melts base metal in the 
immediate area and the electrode metal core.34
As the welding process progresses, the electrode becomes shorter until it must be 
replaced. This periodic changing is one of the disadvantages of the process since it 
decreases the working time that the welder spends on actual welding.
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Other disadvantages of the process are limitations placed on the current because of 
resistance heating of the electrode. Also, the electrode temperature must not 
exceed the ‘break down’ temperature of the electrode covering.
The advantages of MMAW lie in the versatility and simplicity (and low cost) of the 
process which make it a favoured welding process for many different applications.
2.2.3 The Weldment Zones
In a weldment of Cr-Mo low alloy steels there are three distinct zones. There is the 
parent metal (PM) and the weld metal (WM). In between these two 
microstructural zones there is the heat affected zone (HAZ). The HAZ is the 
region that has been microscopically affected by the heat of the welding process. It 
comprises several regions, including the coarse-grained HAZ, fine grained HAZ 
and the intercritical HAZ (which is of major importance in this research as a lot of 
weldment failures due to creep are recorded to occur in this region)30,41.
2.2.3.1 Parent Metal (PM)
The PM or BM (base metal) is the metal to be welded. The PM region, except near 
the fusion boundary is unaffected by the welding process, and therefore it is not 
metallurgically affected by welding.
However, due to the welding process the PM is more than likely to be in a state of 
residual transverse and longitudinal shrinkage stress3, of magnitudes which depend 
on the degree of restraint imposed on the weld.
22
2.2.3.2 Heat Affected Zone (HAZ)
The portion of the base metal which has not been melted by the heat of welding but 
whose mechanical properties and/or microstructure have been altered is known as 
the HAZ3.
In terms of microstructure the HAZ contains at least three different microstructural 
zones (coarse grained HAZ, fine grained HAZ and intercritical HAZ). Because 
grain growth is a function of temperature and the peak thermal cycle temperature 
decreases sharply with distance from the fusion zone, maximum grain size always 
occurs near the weld fusion boundary and decreases away from this point.
The major factor which determines the maximum grain size is the residence time, 
that is, the time the weld is kept at the peak temperature.
The intercritical HAZ which is defined as the region directly adjacent to the PM 
running parallel to the fusion line is of relative importance and it is where many 
weldment creep failures have been recorded. When a material weldment fails in this 
region it is referred to as a Type IV failure30.
2.2.3.3 Weld Metal
The WM zone comprises a mixture of the filler metal and base metal to give a 
completely melted and relatively homogenous weld fusion zone in the composite 
zone or region.
At the outer boundary of the WM region is the weld interface zone. This is defined 
as the boundary between the unmelted base metal on one side (HAZ) and the 
solidified metal on the other side3.
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Figure 5 shows a photomacrograph which shows the different zones in a typical 
weld.
Figure 5: Photomacrograph showing the three major microstructural zones in a typical 
weld: parent metal, heat affected zone and weld metal13.
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2.3 INTRODUCTION TO CREEP
Creep is a time dependent deformation that occurs when a component is loaded or 
stressed at a temperature above 0.4Tm, where Tm is the absolute melting temperature of 
the material16. The time dependent deformation is primarily due to thermally aided 
dislocation movement, because as temperature increases, the strength of the material 
decreases due to the mobility of atoms increasing, thus enabling dislocations to climb.
Figure 6 shows a typical creep curve of a metal. A constant load is applied to a tensile 
specimen maintained at elevated temperatures. The shape of the creep strain curve is 
dependent on a number of competing processes. These include:
• strain hardening,
• softening due to strain softening or recrystallisation48,
• geometry of the specimen54, and
• internal damage like cavitation and cracking48.
Figure 6: Typical creep strain curve of a metal16.
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As Figure 6 shows, there are three stages in creep strain, namely; primary, secondary and 
tertiary creep.
Primary creep is the region of decreasing creep rate and it dominates at low temperatures 
and stresses. Secondary creep is a period of nearly constant creep rate which results from 
a balance between the competing processes of strain hardening and recovery. For this 
reason it is called steady state creep. The final stage of creep (tertiary) creep occurs at 
high strains and is favoured by high stresses and high temperatures. Tertiary creep is 
associated with effective reduction in the cross sectional area either because of necking 
or internal void formation. Tertiary creep is the stage at which ultimate failure of the 
material occurs due to rapidly accumulating creep strain and internal damage which 
‘overwhelms’ the strain hardening effect.16,48
Creep deformation, on a microstructural scale, involves the degradation of 
microstructure in the material14'48. Until rupture occurs creep damage manifests itself as 
cavities in grain boundaries or intergranular microcracks in Cr-Mo low alloy steels. 
Cavities are defined as voids that nucleate and grow at grain boundaries. Failure due to 
cavitation creep generally consists of three stages: cavity nucleation, cavity growth and 
cavity coalescence48.
Moreover, another common form of creep damage in low alloy ferritic steels is carbide 
coarsening due to thermal degradation. In this case spheroidisation occurs and spherical 
carbides coalesce and migrate to grain boundaries, promoting creep failure33.
In the creep assessment of welded joints the weldment can be represented as a ‘five 
materials composite’; the weld metal, parent metal, coarse grain HAZ, fine grain HAZ 
and the intercritical HAZ. These five regions are illustrated in Figure 7.
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Figure 7: The different microscopic regions of a weldment together with creep strain 
rate and strength distribution across a weld54.
Most of the creep damage observed in weld specimens of CMV and CrMo steels occurs 
at or near the welded joint. Microstructurally, this damage is located in the HAZ of the 
weldment. This leads to creep properties of weldments being of particular interest in 
assessing life and improving design principles in weldments21.
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2.3.1 Mechanisms of Creep
The mechanisms by which creep deformation occurs can be divided into three major 
groups. These are dislocation glide, dislocation creep and diffusion creep16.
Dislocation glide involves the dislocations moving along slip planes and overcoming 
barriers by thermal activation16. Creep resulting from a dislocation glide mechanism 
occurs at stress levels which are high relative to those normally considered in creep 
deformation. The creep rate is established by the extent dislocations are impeded by 
precipitates, solute atoms and also other dislocations.
Dislocation creep involves the movement of dislocations which overcome barriers by 
thermally assisted mechanisms involving vacancies or interstitials16. The basis behind the 
theory of this mechanism is that steady state creep represents a balance between the 
competing factors of rate of strain hardening and the rate of thermal rearrangement and 
annihilation of dislocations. Early models of dislocation creep were proposed by 
Weertman16, and they were based on a mechanism in which dislocation climb played a 
major role at elevated temperatures. The rate controlling step is atomic diffusion in 
dislocation creep, since climb requires the diffusion of vacancies or interstitials.
Diffusion creep involves the flow of vacancies and interstitials through a crystal under 
the influence of an applied stress. It is usually the controlling mechanism at high 
temperatures and relatively low stresses. Nabarro and Herring16 proposed that this creep 
process was controlled by stress directed atomic diffusion. Elongation of grains occurs 
when the stress changes the chemical potential of an atom on the surface of a grain in a 
polycrystal in such a way that there is a flow of vacancies from grain boundaries 
experiencing tensile stresses to those which have compressive stresses, and 
simultaneously there is a corresponding flow of atoms in the opposite direction.
Coble creep, similarly to Nabarro-Herring creep, involves the flow of vacancies and 
interstitials through a crystal under the influence of applied stress. However, Coble creep 
occurs at a lower homologous temperature16.
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The various creep deformation mechanisms that occur in Cr-Mo low alloy steels can be 
illustrated with deformation mechanisms maps. Figure 8 is a simplified deformation 
mechanism map.
Figure 8 . A typical deformation mechanism map of a metal16, where g/ q  is the tensile 
stress divided by the modulus of rigidity.
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Figure 9: Cavity growth mechanism map for lCr-0.5Mo HAZ material at 575°C. 
r = cavity radius.47
As Figure 8 shows the two main variables affecting the creep mechanism are the 
homologous temperature and the applied stress. Figure 9 is a mechanism map for cavity 
growth and it again shows that stress is the main factor determining which creep cavity 
growth mechanism. Temperature and inclusions also affect cavitation mechanisms and 
these factors are discussed in Sections 2.3.3 and 2.3.4.
The following generic types of creep fracture are commonly reported in the literature and 
each is associated with a specific creep mechanism, which controls the rate of creep.
2.3.2 Transgranular and Intergranular Creep Fracture
The fracture that metals undergo is to a large extent dependent on the temperatures to 
which the metal is exposed. Rosenhain and Ewan16, have proposed, and it is widely 
accepted that steels undergo a transition from transgranular fracture to intergranular 
fracture as temperature increases.
30
In the transgranular fracture temperature range, crystalline materials under stress have 
grain boundaries strong enough to allow stress to be transmitted through grain 
boundaries27. In other words, the slip planes are weaker than the grain boundaries. From 
this it can be seen that on a microlevel the material behaves as a continuum and thus 
when metals undergo such a deformation mechanism, the grain boundaries move to form 
the changing shape of the grain.
Intergranular fracture is more common at higher temperatures and reduced strain rates. 
In intergranular fracture grain boundary sliding begins to predominate as a feature of the 
creep process. Grain boundary sliding is encouraged by the rotational stresses that are 
present but is susceptible to relative strain due to the weakened grain boundary
region16'26.
Grain boundary sliding causes strain at grain boundary ledges and triple points16,22. 
Ledges on the surface of a grain boundary can be relieved by grain boundary migration 
or by the creation of cracks by the diffusion of vacancies to ledges or by the creation of 
lattice dislocations which are characteristic of the grain boundary ledge16,22. Such cracks 
are referred to as r-type cracks. They are round or elliptical cavities that form in grain 
boundaries that are aligned normal to the tensile stress. Particles, such as sulphide 
particles residing at prior austenite grain boundaries can initiate the nucleation of r-type 
cavities on grain boundaries6. Cavity formation and cavity damage is discussed in Section 
2.3.4. In addition to r-type cracks, wedge (w-type) cracks can form in steels. These 
cracks nucleate at grain boundaries which are aligned for maximum shear and nucleation 
of these cracks occurs by grain boundary sliding.
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2.3.3 Creep Properties of CMV and CrMo Steels and their Weldments
The creep strength of CMV and CrMo low alloy steels is derived from the dispersion of 
carbide precipitates and, in CMV steels from vanadium carbide precipitates. Long term 
failures that have been documented are in the HAZ and these failures are associated with 
a high strength microstructure with low ductility (brittle failure) or a low strength 
microstructure with high ductility (Type IV cracking which is discussed Section 2.3.6)41.
The microstructures found in low alloy steel weldments are heterogeneous and for given 
conditions the heterogeneity of the structure results in variations in local creep behaviour
40.41
The time to creep-rupture is dependent on test (or service) temperature, stress and 
composition. Table 5 shows creep test results for CrMo steel in a variety of different
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components used in industry. This table illustrates the variations in time to rupture and 
elongation (%) at different temperatures for three components.
Table 5: Creep-rupture results for Cr-Mo steel castings11.
Component Temperature
(°C)
Stress
(MPa)
Rupture Time 
(hours)
Elongation
(%)
Flow guide 538 110 9000
566 110 3144 43.2
593 110 517 45.0
Blade ring 566 110 3623 44.7
Nozzle chamber 538 110 2311 53.7
552 110 649 49.2
566 110 320 55.6
2.3.4 Creep Induced Microstructural Degradation
Micro structural degradation resulting from high temperature exposure for a long period 
of time affects properties such as hardness and creep rupture strength. Degradation of 
microstructure is linked to the spheroidisation of bainitic ferrite or pearlite. The bainitic 
ferrite or pearlite forms spherical carbide particles as a consequence of coarsening and 
morphological change to carbides present in the original microstructure. Spheroidisation 
is complete when coarse globular carbides are evenly dispersed throughout the matrix 
and coalescence occurs.
Toft and Marsden demonstrated that there are six stages of spheroidisation of carbides in 
ferritic steels52. These stages are diagrammatically represented in Appendix F. Also,
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degradation of microstructure has been linked with service history by semi-quantitative 
and qualitative approaches involving microstructural ‘cataloguing’.56
2.3.5 Cavities and Cavitational Damage
It is well documented that cavitation occurs continuously throughout the creep 
process9’48. Cavities due to creep are grain boundary voids. Creep fracture consists of 
cavity nucleation, cavity growth and cavity coalescence. Cavity nucleation is believed to 
occur at particles (sulfide inclusions, for example), at grain boundaries and accelerated 
growth of these cavities occurs at the latter stages of creep9’48. Creep crack growth is 
assumed to proceed by the growth and coalescence of cavities along grain boundaries 
ahead of the crack tip, and cavities appear to nucleate from inclusions which, in terms of 
repair welds, can arise from the welding procedure.
Cane and Middleton9, have found that cavity nucleation and formation susceptibility are 
independently controlled by the dispersion of sulfides, which are incoherent grain 
boundary particles. The incoherent sulfide particles reside at prior austenite grain 
boundaries. Moreover, the nature of cavity nucleation seems to be independent of stress, 
time and strain and hence an overwhelming association of cavities with sulfides appears 
to be the case in CrMo steels9. The nucleation process of cavitation can be modelled in 
terms of classical nucleation whereby cavities are produced at incoherent particles like 
sulphides and oxides where the maximum principal stress exceeds the critical stress for 
cavity stability. Nucleation of cavities in 0.5Cr-lMo-lV steel can be restricted since Cr 
chemically stabilises the grain boundary sulfide dispersion in ferrite by progressively 
substituting for Mn and hence increasing the particle-matrix cohesion9.
The time for nucleation of cavities is assumed to be insignificantly short due to the highly 
localised stresses that are present at the particles where cavities nucleate22.
Moreover, apart from cavities nucleating at incoherent particles, Gifkins22 proposed a 
mechanism for cavity nucleation whereby ledges produced in the boundary as a result of
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impingement by the slip plane subsequently opened into a cavity. It was thought that the 
dislocation pile up itself could produce sufficient stress concentration to initiate fracture 
and produce a cavity which could be enlarged by grain boundary sliding. Concurrently, 
Chen and Machlin22 also agreed that preferred nucléation was at grain boundary ledges 
and they believed grain boundary sliding was sufficient to produce initial deformation and 
in turn nucleate the cavity. It should be noted that the importance of grain boundary 
sliding was deduced from the failure to produce cavities in its absence, and increased 
cavitational damage was linked with increased grain boundary sliding.
Davies and Wilshire22 combined the concept of compressive and tensile ledge geometries 
with Gifkins idea of slip-induced ledges, supporting the above nucléation mechanism. 
Figure 11 demonstrates the approach of Davies and Wilshire.
g r a i n  b o u n d a r y
n o r m a l  a t h e r m a l  s u b s i q u t n l
t o n s i l »  c o m p r o s s i v *  t o n s i l *
c r * * p  p r o s t r a  i n c r * e p
Figure ll:Ledge geometry for the Davies-Willshire experiments22.
Figure 11 shows that intergranular slip and grain boundary sliding will occur in a 
direction tending to increase the specimen length under tensile conditions, and the ledges
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produced on 45° inclined boundaries will be compressive. This figure also shows ledge 
geometry that will subsequently increase the incidence of cavitation (Figure 11(c)).
Finally, Presland and Hutchinson22 have identified that a further possible site is the cusp 
formed by the intersection of a sub-boundary with a grain boundary. TEM observations 
on magnesium suggested grain boundary sliding as concentrating sufficient stress at the 
sharp radius of curvature at the cusp to produce a cavity22.
Cavity growth plays a major role in the growth of existing creep cracks. Cavity growth 
can occur by two different mechanisms: by deformation and/or by diffusion6,22,47.
Work by Cane6 on CrMo steel operated at 565°C has indicated that growth of cavities 
(diffusion controlled or by deformation) is dependent on the stresses to which they are 
exposed. For example, in CrMo steel at 565°C small cavities can grow by diffusion­
controlled growth at stresses greater than 200 MNm'2. However, at stresses less than 
200 MNm'2 vacancy source controlled cavity growth occurs since diffusional growth is 
limited by the availability of dislocations climbing in the grain boundaries. At larger 
cavity sizes, plastic or continuum cavity growth predominates.
In terms of cavity growth by a mechanism of deformation , two fundamentally different 
cavity processes are identified. These are6:
1. Cavities which extend largely in the plane of the grain boundary by grain boundary 
sliding,
2. Cavities which extend in the direction of the principal applied stress (which need not 
be in the boundary plane).
The first process seems feasible since cavities nucleate in this manner and so there is no 
change in mechanism. Cavities on grain boundaries which exhibit the highest sliding rate 
will experience the highest rate of growth. Hence, the concept of grain boundary sliding 
is powerful, especially when predicting the effect of such structural zones. A further 
important application arises in welds (particularly in the HAZ) where larger changes in
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structure, including grain size and precipitate structure, and thus creep strength can 
occur over relatively short distances.
The second process involves cavity growth in the same direction as the principal stress 
and accelerates as the principal stress (not necessarily effective stress) is increased.
In terms of cavity growth by the mechanism of diffusion, there are two separate 
processes that can be identified, namely6,25,48;
1. an unconstrained process (uninhibited growth models)
2. a constrained process (inhibited growth models)
In the unconstrained process, all grain boundaries act as perfect vacancy sources (the 
excess vacancy concentration of the boundary is determined by the stress resolved 
normal to the grain boundary) and intergranular cavitation is spatially homogenous, and 
diffusion control mechanism can be considered as the operating mechanism6.
Alternatively, in the constrained process Harris6 has proposed that the interfaces between 
the grain boundary particles and the matrix are likely to be relatively inefficient vacancy 
sources compared with the surrounding grain boundary. As a result the deposition of 
atoms accompanying diffiisional cavity growth cannot occur uniformly and local stress 
concentrations will develop at the particles. Beere6 has demonstrated that this leads to a 
situation in which the grain boundary becomes a vacancy sink and no stable solutions for 
cavity growth were found for perfect grain boundary source behaviour coupled with 
dislocation creep around particles.
Another possibility in the inhibited growth model is that grain boundaries themselves are 
poor vacancy sources and hence vacancies must be created at dislocations residing in the 
grain boundaries. Now, if vacancies are emitted solely by these dislocations as they climb 
in the grain boundaries, then grain boundary particles will impede their motion and the 
boundaries will be imperfect vacancy sources.
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Cavity coalescence is the final mechanism of creep fracture. This process results when 
cavities grow and eventually combine to form a large united band of cavities along the 
grain boundary. Creep crack growth is assumed to proceed by coalescence of cavities 
along grain boundaries ahead of the crack tip48.
2.3.6 Methods of Assessing Creep Damage
There are a number of different equations and methods for describing creep behaviour 
and assessing creep damage, respectively. The methods for assessing creep damage 
include:
• ‘D’ parameter measurements,
• Neubauer five category assessment,
• ‘A’ parameter measurements,
• hardness tests,
• density measurements,
• ultrasonic tests
Creep assessment methods include:
• creep assessment parameters, for example the Larson-Miller parameter, and
• finite element analysis modelling (FEA).
2.3.6.1 ‘D’ Parameter Method
The ‘D’ parameter defines the extent of microstructural damage and relates to the creep 
strength and creep properties of the material. The ‘D’ parameter can only be determined 
indirectly from mechanical effects caused by the damage. An example is an increase in
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the creep strain during the process of creep damage33. Damage is total when D=1 and 
local stress is increased rapidly as ‘D’ increases:
= a/ ( \ -  D) C1)
Several metallographic parameters have been proposed to evaluate ‘D \ These include 
cavity volume fraction and fraction of cavitated grain boundaries (this known as the ‘A’ 
parameter, see Section 2.3.5.3). Relationships exist between the ‘A’ parameter, ‘D’ 
parameter, and rate of damage (the Rabotnov equation).
2.3.6.2 Neubauer Classification
The Neubauer method is a relatively simple and well accepted method of relating 
observed cavitation damage to remanent life service and it is based on classification of 
damaged microstructures.39’47
The method proposed by Neubauer uses five categories and these are:
1. No creep damage is detected, therefore classed as UNDAMAGED
2. Isolated cavities are observed, therefore classed as ISOLATED
3. Cavities are observed and they are aligned normal to the direction of principal stress, 
and therefore classed as ORIENTED
4. Cavities are also observed and they have linked to form microcracks, therefore classed 
as MICROCRACKED
5. Together with cavities, microcracks have combined and widened to form macrocracks 
along grain boundaries, therefore classed as MACROCRACKED
The evaluation of creep cavitation in CrMo steels in the simulated HAZ condition has 
been investigated by Lonsdale and Flewitt56. They conducted uniaxial creep tests at 
temperatures between 565°C and 650°C and at stresses ranging from 55 MPa to 76
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MPa. Lonsdale and Flewitt observed that the number of cavities per square mm (N) were 
related to the minimum creep rate (¿min) and time (seconds), independent of stress, by 
the equation:
N = 33 x 1 0 5 x ¿rmin x t  -  (3.3 x 1 0 3) (2 )
Neubauer e t  a/39, related creep life consumption of plant components to cavitation. They 
characterised cavitation into four stages of evolution as shown in Figure 12.
Damage
parameter Action required
A None until next 
major scheduled 
maintenance outage
B Replica test at 
specified interval
C Limited service 
until repair
D Immediate repair
Fracture
Exposure time
Figure 12: Creep life assessment based on cavity classification39.
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Based on Figure 12 and extensive observations on steam pipes in German power plants, 
Neubauer et al estimated the approximate time intervals required for cavitation to evolve 
from one stage to the next under typical plant conditions56. Thus in turn, they formulated 
recommendations for the time to each of the four stages of cavitation but with a built in 
safety factor to make the formula conservative.
2.3.6.3 4A’ Parameter
The ‘A’ parameter method of assessing creep damage is a metallographic technique 
measuring the number fraction of boundaries containing cavities using a test line parallel 
to the direction of maximum principal stress35,47. The method is a quantitative procedure 
for remanent life assessment in combination with the theory of constrained cavity 
growth.
Needham and Cane6'9'35'47 previously presented a model relating life fraction to cavitation 
damage under constrained growth conditions. The concept of this model is shown in 
Figure 13.
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Figure 13: Mechanical analogue of constrained cavity growth model. Two crystals are 
subjected to an applied stress which redistributes due to cavitation on one grain 
boundary47.
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Figure 13 shows two bicrystals secured between rigid blocks subject to an applied tensile 
stress. The bicrystal containing the grain boundary cavities cannot dilate at a rate faster 
than the undamaged bicrystal. Hence, a stress distribution must occur for the load on the 
cavitated boundary to transfer to the cavity free boundary. The model assumes a full 
transfer of load, that is, it effectively assumes the cavitated boundary has failed, and the 
creep rate of the polycrystal undergoing a constrained growth is:
B on 
(1 - A)n
where, A = the area fraction of cavities with 
grain boundary normal to applied stress, and 
B = constant47.
(3)
Now, the rate of increase in the area fraction of cavitating grain boundary, A , can be 
expressed in a similar form to Equation (1).
A =
C a u 
( i - A  r
where: c, u, and r\ are constants47.
(4)
Finally, a dimensionless equation relating ‘A’, life fraction and X can be obtained by 
integrating the above equations with respect to time and applying the relevant boundary 
conditions to give47:
(1-A) = (1-—  ) ,A (5)
f  rem
where: X is the slope from the steady state creep section of the creep curve, 
texp is the current life (hours), and 
trem is the remaining life (hours).
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Life estimates of materials can be obtained directly from measurements of ‘A’. The 
constant q can be found from the literature, and X values can be estimated from known 
creep curves. By applying conservative values of q and X, rupture life can be estimated 
with this model.
Equation 5 shows that the ‘A’ parameter and life fraction are defined purely by q and X. 
In turn, q and X are affected by grain size, composition, purity and stress state under 
constrained cavity growth conditions. The effects of varying q and X on the damage 
accumulation curves are shown in Figure 14. This figure shows that an increase in X 
decreases the predicted life of the material and alternatively an increase in q increases the 
predicted life of the material.
o
Figure 14: The effects of material parameters q and X on remanent life assessment47.
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If the creep exposure time in service is texp, then the model would predict failure of a 
component after a further period of service, trem This is represented by the equation47:
‘,em = ' i---------------  !> (6)
[1 -(1 -A )'* '1]
Equation 6 predicts the remanent life of a material component. This prediction can be 
conservative or non-conservative depending on the material and knowledge of rj and X.
‘A’ parameter measurements are made using an optical microscope at approximately 
400X magnification with a crosshair graticule eyepiece. The magnification is set at 400X 
to provide an ideal balance between the need to resolve and identify cavities whilst 
maintaining a reasonable number of grains in the field of view.
The following rules outline whether a grain boundary is classified as damaged or 
undamaged for ‘A’ parameter measurements47.
1. An intersected grain boundary is only observed between the first triple point on either 
side of the intersection. If the boundary extends beyond the field of view then the 
point at which it leaves is treated as the triple point.
2. A grain boundary is classified as damaged if it contains one or more cavities along its 
observable length (this includes cavities on triple points). If not, the grain boundary is 
classified as undamaged
3. Multiple intersections with the same boundary are each counted and are classified 
with the damage state of the whole boundary.
4. Intersections with triple points count as one boundary intersection. ‘Majority vote’ 
determines if they are damaged or undamaged.
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A minimum of 400 boundaries should be counted for accurate results. Provided that 
cavity growth is constrained, the life prediction by Equation (4) is conservative since the 
assumption that boundaries containing cavities have effectively failed is conservative.
The ‘A’ parameter becomes non-conservative if unconstrained growth applies, because 
the contribution of cavitation to the total component strain is less than that if growth is 
constrained. The shape of the creep curve becomes dominated by other damage 
processes such as carbide spheroidisation, and X is no longer due to cavitation alone47.
Moreover, any life estimates of materials dependent on cavitation measurements will be 
conservative if cavitation is not the dominant creep damage mechanism throughout the 
life of the material. Note, cavitation commencing late and acting as the final fracture can 
not be quantified using this model.
Provided that cavity growth is constrained under conditions of low ductility the 
predictive model that can be used has the following advantages47:
• predictions are conservative,
• only identification of cavities is required not quantification of size
• the ‘A’ parameter is insensitive to etch variations (though not surface preparation 
techniques), and
• the ‘A’ parameter is easily measured (via optical microscopy).
In relation to Cr-Mo low alloy steels in plant conditions, a value of 3 for r\ and 1.5 for X 
is quite reasonable unless high stresses are involved, in which case higher values would 
have to be used47. Also, for the performance of weld life assessment the ‘A’ parameter 
measurements are based in or near the HAZ which is where most weldment failures
occur.
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2.3.6.4 Density Measurements in Assessing Creep Damage
The density measurement technique of assessing creep damage involves measuring the 
change in specimen density with strain. Therefore, it is a non-destructive method of 
measuring the extent of cavitation, and in turn an indication of the amount of creep 
damage. However, if the technique was to be applied to a plant it would be destructive.
The change in density of polycrystalline metals can be expressed by the following
-A p = density change 
p = original density 
e = strain 
t = time
d = linear intercept grain size 
a  = applied stress 
G = shear modulus
Q = activation energy for g . b diffusion 
R = gas constant 
T = absolute temperature 
B and q are constants with q = 2 to 3
The above equation is consistent with the theory of unconstrained grain boundary 
growth of cavities provided there is also simultaneous strain dependent nucléation. 
Power-law growth of cavities, growth by surface diffusion and constrained grain 
boundary diffusion growth are not supported by Equation (7).
equation'8:
(?)
Where,
Boetner and Robertson38 performed the first detailed measurements of changes in 
specimen density during creep in copper samples. However, application of the density 
measurement model to low alloy Cr-Mo steels which undergoes constrained cavity
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growth is inconclusive because Equation (7) is consistent with the theory of 
unconstrained grain boundary diffusion growth of cavities simultaneously with strain 
dependent nucléation.
2.3.6.S Ultrasonic Techniques
Ultrasonic methods together with quantitative metallographic methods can be used to 
examine the damage created in steels due to creep. Ultrasonic inspection methods via 
imaging enable accurate location and sizing of defects such as cavities over a period of 
time. Additionally, ultrasonics is vital as a tool in sizing and locating defects prior to 
remanent life assessments of components in service.
Ultrasonic (U-S) velocities are affected by factors such as cavities and microcracks at 
grain boundaries which influence the local compliance. U-S velocities can be measured 
by time-of-flight measurements via a pulse-echo method21. In one report14, measurements 
were executed before and after the creep test. Each echo was compared with the 
corresponding one obtained in a reference specimen of the same material with the same 
geometry. Correlation was then made between creep damage and U-S velocity. Figure 
15 below shows an example of a time of flight diffraction scan of a CrMo weld specimen.
Figure 15: Time of flight diffraction scan showing minor point indications in CrMo14.
2.3.6.6 Hardness in Assessing Creep Damage
A microhardness profile across a weld through all the different zones can function as an 
aid to metallographic indicators in assessing creep damage. Generally, microhardness 
profiles show that there is a substantial decrease of hardness in the HAZ (particularly the 
coarse-grained HAZ) compared to the harder weld metal and parent metal.
2.3.6.7 Alternative Remanent Creep Life Assessments
Destructive testing (creep tests) can be used to make estimates of the remaining safe 
operational periods of a component. Accelerated creep tests which are creep tests 
performed at elevated temperatures can be performed to predict remanent life of low 
alloy Cr-Mo steels. Figure 16 shows creep test results, based on temperature versus time 
to rupture plot, and Figure 17 shows the corresponding rupture elongation versus time to 
rupture plot.
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Figure 16: Temperature versus time to rupture for specimens across a butt weld of a 
steam pipe4\
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Figure 17: Elongation and reduction in area in creep tests43.
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As Figure 16 shows, by obtaining data points of time to rupture at different temperatures 
a remanent life assessment can be made at the temperature at which the component 
operates. For example, if the operating temperature of a component is at 500°C, then 
accelerated creep tests are performed at higher temperatures from 700-650°C and 
assuming a linear relationship exists, extrapolation to longer service times such as those 
at 500°C allows the estimated time to rupture, tr, and estimated remanent life to be 
predicted.
2.3.6.8. Parameter Approaches
Table 6:Creep parameters and extrapolated remanent life of a butt weld at 510°C.4
Parameter Estimated remaining life, 
trem, (hours)
lûg trem = A. 1/T+B 
(Larson-Miller, Orr-Sherby-Dorn)
184000
log trem = A.T+B
(Manson-Haferd, Manson-Succop)
77000
log trem = A.logT+B 
(Sud-Aviation)
117000
log trem - 2.1ogT = A. 1/T+B 
(Trunin and Loganov)
187000
Creep parameters are outlined in Table 6. As indicated in the table the conservatism of 
the Manson-Haferd type of extrapolation is considered practical for most purposes, and 
the LMP is also commonly used. The basic idea of the parameters is that they permit the 
prediction of long time rupture behaviour from the results of shorter time tests at higher 
temperatures at the same stresses. When properly developed these time-temperature 
parameters can be used to represent creep-rupture data in a compact form allowing for 
analytical representation and interpolation of data and also provide a simple means of 
comparing the behaviour of materials (CMV and Cr-Mo) on a relative basis.
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2.3.6.8.1 The Larson-Miller Parameter (LMP)
The LMP was devised by Larson and Miller in early 1950’s47. They derived a single
parameter combining both rupture time and temperature to predict creep rupture time.
tests where a change in metallurgical structure and/or creep mechanism will occur.
2.3.6.8.2 Other Creep Rupture Parameters
As mentioned in Section 2.3.5.7, other parameters have been devised by Manson-Hafred, 
Manson-Brown and Orr-Sherby-Dorn (OSD).
The OSD parameter is as follows 48:
The Larson-Miller parameter has the following form5,16,47
LMP=T(C1 + log/r ) (8)
Where: T= absolute temperature
Ci= Larson-Miller constant - assumed to be 20
When calculating the LMP it is important not to perform higher temperature accelerated
OSD = f ( s )  = log t r (9)
Where: Q  = 0/7 i:.23R
Another creep-rupture parameter is the Monkman-Grant equation27,48. This method uses 
and defines a relationship between measured strain rates and rupture time. This technique
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of estimating creep life is performed by determining strain rates measured from 
dimensional changes. An improved version of the Monkman-Grant expression is shown 
in Equation 1048.
2.3.7 Creep Life and Weldments
Creep damage in high temperature applications of low-alloy Cr-Mo steels is mainly 
found in weldments. This has a number of ramifications, but basically it implies the 
weldment creep resistance is less than that of the parent metal. Figure 18 shows a typical 
damage accumulation curve in all different zones of the weldment.
( 10)
Where e = steady state strain
ef = final strain at failure 
C = constant
PM HAZ
0
1 = No creep damage
2 = Separate cavities
3 = Strings of cavities
4 = M icro  cracks
5 = Macro cracks
a = l>ainagc not caused by creep 
b = Small amount of damage 
c = Medium amount of damage 
d = High amount of damage
Rating o f damage
Pipe Header
Figure 18: Damage rating in a circumferential pipe weld which has been exposed for 
200000 hours at 510°C and a 0 = 45MPa44.
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In accordance with Figure 18, coalescence of cavities and microcracks caused by creep 
are found in the HAZ. The specimen represented in Figure 18 was a CrMo alloy exposed 
for 200000 hours at 510°C at a 0= 45MPa and associated damage include geometry of 
the specimen and mis-match between the PM and WM.
Figure 19: Creep curves for the PM, WM and CW (cross-weld) specimens of a lCr- 
0.5Mo steel tested at 185MPa and 550°C44.
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When assessing the creep life in weldments, it is important to use cross-weld specimens 
rather than performing a creep test on a single material (see Figure 19). Figure 19 shows 
that the creep curves of the weld metal and parent metal are similar after performing 
separate tests on the weld metal and parent metal of lCr-0.5Mo steel. However, a creep 
test on a cross-weld specimen shows a substantially limited creep life compared to that of 
the PM and WM. This is because the HAZ represents a specific problem since there are 
diverging properties in this zone which is not as structurally homogenous as either the 
PM or WM. Figure 20 shows a schematic property distribution across a lCr-0.5Mo 
weldment. From this figure it can be seen that the 'true' strain rate is highest in the HAZ 
and this is where creep rupture occurs.
/
True’ Strain Rate
n
. t V J IdealizationEPM
------- v  HAZ HAZ
PM 1 WM i PM
'____ ^
0.5/haZ
4—
0.5/haz
0.5-/RM / WM 0.5/pm
T̂OT = 40 mm, d = 4 mm
Figure 20: Schematic property distribution across a weldment44.
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Creep failure processes in welds of low alloy Cr-Mo steels exposed to high temperatures 
usually develop in service usually well before design calculations predict. There are 
several failure modes that are possible in Cr-Mo weldments. Two are considered here: 
Type IV cracking and fusion boundary failure30.
2.3.7.1 Type IV Cracking
This failure mode manifests itself as microcracking or macrocracking in, or adjacent to 
the HAZ of a ferritic weldment (see Figure 21). Kimmins et a/30, have microscopically 
detected high levels of creep cavitation well before cracks appear in the Type IV region.
Figure 21: Type IV region in a schematic representation of a butt weld30.
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The Type IV cracking failure process has been observed in many Cr-Mo steels like 
0.5CrMoV and lCrMoV.30
Type IV failure is more prone to occur in vanadium bearing steels where relatively sharp 
falls in creep strength of 40-50% have been observed in cross-weld specimens30.
The reason that the intercritical zone is weak is because during the welding process the 
rapid heating cycle to the Ac? temperature is insufficient to take the alloy carbides back 
into solution. Therefore, severe coarsening of the carbide dispersion occurs and this 
minimises the role of precipitation strengthening. Also, this zone contains a high 
proportion of fine grains, resulting from the nucleation of new austenite grains. This high 
proportion of grain boundary area tends to reduce creep strength.30
2.3.7.2 Fusion Boundary Failure
Fusion boundary failures is, as the name implies, failure along the fusion boundary of the 
weld metal. This mechanism is rare in low alloy steels once the possibility of stress relief
30cracking is eliminated by adopting pre-heat and post-heat weld treatments .
2.3.8 FEA in Life Assessment of Repair Welds
Finite element analysis is a computer modelling tool which can be implemented to study 
weld repairs in pressure components such as pipes. Material weldment components such 
as pipes are subjected to a variety of stresses. These include axial stresses together with 
internal pressure from the pipe, which result in hoop stresses, and residual stresses 
resulting from welding.
In FEA the structure is divided into a network of small elements connected to each other 
at node points16. Additionally, the model generated must duplicate the actual shape, 
imposed stresses, and material properties of the original object. The modelling of creep
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rupture requires modelling of creep with time. Uniaxial creep rupture data is used to 
determine the steady state stresses present in the component and in turn, stress 
distribution across a component which has undergone creep33.
FEA techniques can be used to model the effects of different weld repairs of low alloy 
CMV and CrMo steels on steady state stresses and creep life. Additionally, the effects of 
weld geometries, HAZs, internal pressure and temperature can be investigated by this 
modern technique.
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CHAPTER 3
EXPERIMENTAL PROCEDURE
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3.1 MATERIAL WELDMENTS
3.1.1 Material Selection
Two low alloy steels were selected for the research project. These were CrMo and 
CMV, selected due to their extensive use in the petroleum and power plant industries 
throughout Australia. The nominal compositions for these two steels are as shown in 
Table 7.
Table 7: Nominal compositions for CrMo and CMV
CrMo CMV
c 0.17% (maximum) 0.15% (maximum)
Si 0.5% 0.1-0.3 %
Mn 0.27-0.63 % 0.4-0.7 %
Cr 1.88-2.62% 0.25-0.5 %
Mo 0.85-1.15% 0.5-0.7 %
V - 0.22-0.28 %
S 0.035 % 0.04 %
P 0.035 % 0.04 %
The method by which these materials were welded is shown in Figure 22. This figure 
diagrammatically shows an ex-service material welded to a virgin material of the same 
composition. The ex-service CrMo steel was obtained from a steam header with an age 
of 190000 hours at 565°C from a power producer in the USA. The ex-service CMV steel 
was obtained from an Australian power producer from steam pipework with an age of 
120000 hours at an operating temperature of 540°C.
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Figure 22: Material weldments from which test pieces were obtained.
3.1.2 Welding Techniques
The repair welding processes used for joining the ex-service material to the virgin 
material were Gas Tungsten Arc Welding (GTAW) and Manual Metal Arc Welding 
(MMAW). GTAW was used for the root run and MMAW was used for filling the joint.
Two different heat inputs were used for the repair welding procedure, a high input and 
low heat input weld. The low heat input weld procedure provide the “ideal” welding 
conditions by having a less severe effect on surrounding micro structure in comparison 
with the high heat input procedure. The differences between the two welding procedures 
were achieved through electrode selection and a carefully sequenced weld deposition. 
The LHI weld procedure necessitated smaller diameter electrodes and a carefully 
sequenced weld with restrictions on electrode manipulation13. Appendix A outlines in 
detail the two weld procedures.
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3.2 CREEP TESTING
3.2.1 Preparation of Creep Specimens
A number of creep tensile specimens are machined from the butt welds shown in Figure 
22. Two specimens are machined across the weld metal and HAZ in order to obtain 
cross-weld specimens (see Figure 23) and two creep samples are machined from the 
parent metal region for a parent metal creep test.
8mm Diameter
Figure 23: Schematic representation of a creep test piece.
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3.2.2 Satec Stress Rupture Test Rigs
Creep testing was conducted on the Satec Stress Rupture Test Rigs at ANSTO (see 
Appendix B). The three rigs are stress/rupture systems calibrated in accordance with 
ASTM specifications E4 and verified for a load accuracy of ± 1%. Each system is linked 
to a PC which records data such as thermocouple temperature, extension and time.
The load frame includes operating controls, a furnace regulating panel and mounting 
provisions for a temperature set point controller, as well as a LVDT signal conditioner. 
Another important feature of the system is that the furnaces are capable of testing at the 
required temperatures of 600-700°C in an argon atmosphere which limits oxidation of 
the sample during testing.
To obtain the required initial stress of 40 MPa, a load of 12.8 kg is placed in the load 
frame. A stress of 40 MPa was selected based on hoop stresses which have been the 
cause of many failures of components in industry13,14. Samples conforming with ASTM 
standards for creep testing were prepared as shown in Figure 23.
3.2.3 Satec Creep Tests
Table 8 lists the creep tests that were performed on the Satec creep rigs. The testing 
temperature ranged between 640°C and 690°C and these temperatures were selected 
based on the location in the fracture deformation mechanism map shown in Figure 24. 
According to this map all samples would be expected to fail by intergranular creep 
fracture. Although the map is for CrMo steel, the map for CMV steel would not be 
expected to differ significantly from that for CrMo steel, because Cr and Mo appear to 
have only a minor effect on the fracture deformation mechanism map for pure iron over 
the stress and temperature ranges relevant to the current investigation.
62
-200
T E M P E R A T U R E , ( C )
O 2 0 0  4 0 0  6 0 0  8 0 0  lO O O  1 2 0 0  1 4 0 0
2̂ 4 Cr-IMo STEEL J l o *
io
----- FR O M  T E N S IL E  T E S T S , KLU EH  ET A L  (1 9 7 6 ) i
-------- FR O M  C R EEP T E S T S , BSCC -JO H N S O N  ET AL <1966)
i 1 1 !
! * |_______ i________ »
0 2  0  4  0  6 0  8 1 0
HOM OLOGOUS TEMPERATURE. ( "'Yuif*))
Figure 24: Fracture deformation mechanism map for CrMo steel56 locating the stress- 
temperature co-ordinates for the samples creep tested at a stress of 40 MPa and 
temperature range of 640°C to 690°C. The co-ordinates associated with a steel which 
failed in-service at 540°C. E(Fe) = 196 x 10’2[l-2.5 x ÌQ^T-lOOyiJ  x 10 (T-300) -3.2 
x 10'10(T-300)3], where T=  temperature (°C) and E(Fe) = Young’s Modulus for pure
iron.
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Table 8: Creep test program for cross-weld specimens at an initial stress of 40 MPa.
Sample
No.
Material
Weldment
Heat
Input
Atmosphere Temperature
(°C)
Test
Type
1
CrMo
Cross-weld High Argon 663 Rupture
2
CrMo
Cross-weld High Argon 685 Rupture
3
CrMo
Cross-weld High Argon 640 Rupture
4
CrMo
Cross-weld High Argon 650 Rupture
5
CrMo
Cross-weld Low Argon 689 Rupture
6
CrMo
Cross-weld Low Argon 665 Rupture
7
CrMo
Cross-weld Low Argon 675 Rupture
8
CrMo
Cross-weld Low Argon 660 Rupture
9
CMV
Cross-weld High Argon 680 Rupture
10
CMV
Cross-weld High Argon 690 Rupture
11
CMV
Cross-weld High Argon 660 Rupture
12
CMV
Cross-weld High Argon 640 Rupture
13
CMV
Cross-weld Low Argon 660 Rupture
14
CMV
Cross-weld Low Argon 640 Rupture
15
CMV
Cross-weld Low Argon 650 Rupture
16
CMV
Cross-weld Low Argon 670 Rupture
17
CrMo
Cross-weld Low Argon 663 Interrupted
18
CrMo
Cross-weld Low Argon 663 Interrupted
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3.3 CREEP TEST ANALYSIS PROCEDURES
3.3.1 Post Creep Test Procedure
Upon completion of a creep test, the creep rig was dismantled and the sample was 
ultrasonically cleaned and prepared for SEM of the fracture surface. Also, creep test data 
were collected and the corresponding creep curve plotted. Changes in diameter were 
measured along the length of the specimen.
Percentage reduction in area, percentage elongation (LVDT) and measured percentage 
elongation were calculated and the sample was photographed macroscopically. The 
sample was then ready for microstructural and creep analysis.
The reduction in area was measured at the failure site or, if the sample was from an 
interrupted creep test, it was measured at the point where the most severe necking had 
occurred. The formula for the reduction in area is as follows:
%RA = ~ An”‘ll) x  100 (11)
Initial
Elongation was measured by two methods. Firstly, the final extension was obtained from 
the extension measured by the LVDT divided by the initial gauge length (measured from 
shoulder to shoulder, see Equation 12). Secondly, the final gauge length was measured 
by joining the failed specimen and measuring the gauge length shoulder to shoulder 
under a travelling microscope (see Equation 13).
% Elongation = — ^ 1VT x 100 (12)
4  ~  4% Elongation =
L
x 100 (13)
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3.3.2 Specimen Preparation
The test piece was bisected along the longitudinal axis and then mounted in Acryfix (cold 
mounting material). Polishing of samples involved standard polishing procedures in 
which the sample was ground flat on SiC paper up to 1200# and then fíne polished on 6p 
and 1 jli diamond paste pads. The final stage of polish was an OPA finish (colloidal silica) 
which gives the sample a slight etch. However, this etch was too light, and the sample 
was then etched in 2% nital.
Repeat polish-etch procedures were adopted to reveal the extent of creep cavitation. The 
repeat-polish etch procedure is:
1. Polish the sample to a 1 p polish as 'normal'
2. Etch the sample in 2% nital
3. Re-polish the sample only on the lp  polishing pad
4. Then re-etch the sample with 2% nital
5. Repeat this procedure 6 times
3.3.3 Scanning Electron Microscopy
Each sample selected for SEM was ultrasonically cleaned in acetone and then ethanol for 
5 minutes. The fracture surface and the surrounding area of the creep samples were 
examined using the JSM6400 scanning electron microscope (SEM) at ANSTO. The 
composition of the specimen at the fractured surface was also examined by energy 
dispersive x-ray analysis (EDS).
3.3.4 Optical Microscopy and Related Analysis
All samples were examined by optical microscopy using the Nikkon optical microscope 
at the University of Wollongong and the Leco 300 Metallograph at ANSTO. Optical
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microscopy was an essential part of this research and it was used mainly for the 
microstructural evaluation of the crept samples. More specifically, the function of optical 
microscopy was to classify the extent of microstructural degradation (Toft and Marsden 
Classification) and cavitation damage (Neubauer Classification). Also, optical 
microscopy was used to measure the number of cavitated grain boundaries to determine 
an 'A' parameter which was then used to estimate remaining life (see Section 3.3.6.3).
3.3.4.1 Neubauer Classification of Cavitation Damage
The Neubauer classification is a rating system in which the microstructure is given a 
rating from A to E based on the extent of cavitation present. The ratings are39:
A: no cavitation
B: isolated cavitation
C: oriented cavitation (stress dependant)
D: microcracking (linked cavities, less than 2mm in length)
E: macrocracking (cracking greater than 2mm in length)
The diagrammatic representation of these rating is shown in Appendix E and cavitation is 
observed via optical microscopy or SEM of replicas, the former being the method used 
in this research.
3.3.4.2 Toft and Marsden Microstructural Condition Classification
Microstructural degradation was classified using the Toft and Marsden Classification. A 
microstructure is given a rating from A to F based on the stage of spheroidisation. The 
ratings are52:
A. Ferrite and bainitic ferrite (no spheroidisation)
B: Spheroidisation on grain boundaries only
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C: Spheroidisation commenced in bainitic ferrite
D: Spheroidisation complete, but carbides are still grouped in their original bainitic ferrite 
grains
E: Evenly dispersed carbides in both phases
F: evenly dispersed carbides, but some have grown via coalescence.
The diagrammatic representations of these ratings are shown in Appendix F, and 
similarly to the Neubauer classification, optical microscopy at high magnifications was 
used to establish the ratings.
3.3.5 Hardness Testing
Hardness samples were prepared in the same manner as for microscopy. Three different 
types of hardness tests were performed. First, Leco micro-hardness tests were performed 
at a load of lOOg or 200g depending on the weldment zone being tested. A load of lOOg 
was used in the HAZ due to the narrowness of the region (typical HAZ widths were 
between 2-4 mm, with the HHI weld procedure being associated with the larger HAZ 
widths). A load of 200g was used in the PM and WM regions. These tests were directed 
at obtaining a general hardness value in five weldment zones, namely: •
• parent metal
• weld metal
• coarse grained HAZ, defined as within 0.3mm of the fusion line
• middle HAZ, as the region equidistant from the fusion line and the parent metal/HAZ 
interface, and
• fine grained HAZ, defined as the region within 0.3mm of the parent metal/HAZ 
interface.
Secondly, nano-hardness tests were performed on samples across the HAZ before and
after the creep tests to clarify the effect of creep conditions on hardness. The nano-
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indentor was set to provide indents at 200 microns apart across the creep weldment. The 
load used was 1000 mN, this is equivalent to approximately 100 g.
3.3.6 REMAINING LIFE ASSESSMENT
Three methods of remaining life assessment were considered:
• extrapolation from ‘testing temperature versus time (rupture)’ graphs,
• the Larson Miller Parameter (LMP), and
• the ‘A’ Parameter.
Additionally, an FEA model was constructed by the Engineering Analysis group at 
ANSTO and the results are presented in Section 4.6. This model was developed for 
predicting the failure site of the accelerated cross-weld creep specimens by considering 
the stress concentrations in different sections of the weldment. Also evident in the FEA 
model are areas of high strain.
3.3.6.1‘Temperature versus Time’ Graph Method
Extrapolation from ‘temperature versus time’ graphs was used to determine the 
remaining life at the operating temperature of both the HHI and LFH cross-weld group of 
samples. The temperature axis is simply the testing temperature and the time axis is the 
time taken for the sample to rupture in hours (log scale). Data were accumulated from 
the accelerated creep tests listed in Table 8 for the four series of samples. Each series of 
samples contained four data points for which a log curve was fitted and projected to the 
operating temperature for which the remaining life prediction is required.
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3.3.6.2 LMP Parametric Extrapolation Technique
The LMP allows the estimation of long term creep and rupture strengths of materials 
based on short term accelerated creep tests. The LMP equation contains rupture time 
and temperature as parameters, and combined with the additional property of hardness, a 
single master curve of hardness versus LMP can be created (provided the testing 
temperature is constant56). The LMP equation is32:
LMP = 7(20 + log]0 /) (14)
Temperature (T) is in Kelvin and t is the time (hours) estimated to reach the critical 
hardness. The most common constant used for Cr-Mo steels in the LMP equation is 20.
Microhardness test data, determined using the procedure in Section 3.3.5, combined with 
the data accumulated from the accelerated creep tests conducted at 663 °C (Table 8), 
enabled the construction of LMP/hardness master curves for the fine grained HAZ and 
WM zone in the HHI CrMo steel. These master curves make possible the estimation of 
the remaining time for a certain weldment zone to reach a critical hardness at which 
creep failure is predicted to occur.
The LMP equation was also used for determining the remaining life of the four groups of 
weldments at the service temperature by using the lowest LMP value corresponding to 
each set of accelerated creep-rupture tests.
3.3.6.3 ‘A’ Parameter
The ‘A’ parameter is a remaining life assessment method which can be applied to 
interrupted creep specimens which are not taken to failure, yet exhibit cavitation. The 
‘A’ parameter is defined as the fraction of cavitated grain boundaries to uncavitated grain 
boundaries47 and is measured by placing a cross hair from the eyepiece lens in the 
direction of stress at 400X and counting the number of caviated grain boundaries over
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the total number of grain boundaries. For confidence in results, 50 ‘A’ parameter 
measurements were made.
Remaining life can be calculated from the following equation after the ‘A’ parameter has 
been calculated:
( \ - A )  = ( \ - y ) ’’1 (15)
The values for rj and X are 3 and 2.5 respectively56. The remaining life, tr, was 
determined for each zone in Samples 17 and 18. Note, the testing temperature for the 
interrupted creep tests was 663°C to enable a direct comparison with the remaining life 
of Sample 1.
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4. EXPERIMENTAL RESULTS
The experimental results are divided into eight sections. Each section is classed in terms 
of the branch of materials engineering that is applied. Section 4.1 covers creep test data, 
Section 4.2 gives optical microscopy results, Section 4.3 presents hardness results and 
Section 4.4 covers fractography. In each section the results are presented for the CrMo 
cross-weld specimens (high and low heat input) and the CMV cross-weld specimens 
(high and low heat input).
The final four sections contain remaining life predictions based on ‘Temperature versus 
Log Time’ graphs (Section 4.5), Finite Element Analysis (FEA) modelling (Section 4.6), 
Interrupted creep test results of CrMo HHI cross-weld samples tested at 663°C (Section 
4.7) and a section on the analysis of a CMV pressure pipe welded to CrMo which has 
been in service and is exhibiting Type IV cracking (Section 4.8).
4.1 CREEP TEST RESULTS
4.1.1 CrMo Cross-weld Specimens
As described in Section 3.2.3, there were two types of CrMo cross-weld specimens, the 
high heat input case and the low heat input case. Four CrMo HHI cross-weld samples 
were tested at a constant stress of 40 MPa, but at temperatures varying between 640°C 
and 690°C (higher than the service temperature). Similarly, four tests were conducted for 
the LHI case between the same temperature range and same constant stress of 40 MPa. 
The creep test data are presented in Table 9.
Each creep test was conducted conforming to ASTM standards as described in Section 
3.2 (Creep Testing). As stated previously, the samples tested were cross-welds. In the 
present work, a sample was classed as cross-weld if it contained one or two HAZs. This 
implies that the sample is obtained from a typical weldment that starts from the PM
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region and ends in the WM region (sample containing one HAZ) or starts from one PM 
region and ends in another (sample containing two HAZs).
Figure 25 shows the creep curves of all the CrMo (HHI) samples tested at the four 
selected temperatures of 640°C, 650°C, 663°C, and 685°C; and Figure 26 shows the 
creep curves of all the CrMo (LHI) samples tested at the four selected temperatures of 
660°C, 665°C, 675°C and 689°C. The temperature of the tests measured by Type K 
thermocouples placed at the bottom, top and in the middle of the test sample in the 
present work is accurate to within 1°.
The temperatures selected were higher than the operating temperatures in service, but 
were still in the temperature range in which samples were expected to fail by the same 
creep mechanism (Figure 24). Previous research has shown that the relationship between 
testing temperature and time to failure is logarithmic56. The fracture deformation 
mechanism map in Figure 24 is for CrMo steel, and it indicates that the same fracture 
mechanism (intergranular creep fracture) occurs between 540°C and 690°C at the 
nominal strength relevant to the creep tests. Fracture location sites of the creep tested 
samples and a CrMo component (at service temperature) have been inserted into the 
deformation mechanism map.
Time (hours)
Figure 25: Creep curves for HHI welded CrMo tested at various temperatures. (Samples 
1-4, Table 9).
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Figure 26: Creep curves for LHI welded CrMo tested at various temperatures. (Samples 
5-8, Table 9).
4.1.2 CMV Cross-weld Specimens
Similarly to the CrMo case, there was a high and low heat input for CMV cross-weld 
samples. Both sets of specimens in this group contained four cross-welded samples 
which were tested at temperatures above the service temperature.
HHI samples were tested at 640°C, 650°C, 660°C and 670°C; and LHI samples were 
tested at 640°C, 660°C, 680°C and 690°C. Figures 27 and 28 respectively show the 
creep curves for the high and low heat input cases at selected temperatures.
The selected testing temperatures are not necessarily the same for each series of tests 
because the tests conducted at ANSTO were required by a number of different people 
for different reasons.
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Figure 27: Creep curves for HHI welded CMV tested at various temperatures. (Samples 
13-16, Table 9).
0  2 0 0  4 0 0  600  800  1000 1200 1400 1600
Time (hours)
Figure 28: Creep curves for LHI welded CMV tested at various temperatures. (Samples 
9-12, Table 9).
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4.1.3 Satec Creep Test Results
The creep laboratories at ANSTO are capable of generating a variety of data. Each 
single test conducted produces a creep curve of extension (mm) versus time (hours). 
Hence, time to failure (tf), minimum creep rate (¿min) , and final extension (mm) are 
obtainable. Additionally, elongation (%) and reduction in area (%) can be measured 
from the test specimen. Table 9 shows these values for each cross-weld sample tested.
Table 9: Creep test data
Sample
No.
Sample
Type
T
(°C)
Time to 
failure (tf) 
(Hours)
E lon gation
(%)
m̂in
(h'1)
x 10‘3
RA
(%)
1 C rM oH H I 663 897 23.7 1.24 52.3
2 CrM oH H I 685 901 32.1 43.75 83.8
3 C rM oH H I 640 1751 17.9 0.45 78.6
4 C rM oH H I 650 1234 21.6 0.50 91.2
5 CrMo LHI 689 131 11.6 9.18 43.5
6 CrMo LHI 665 459 20.0 2.76 61.8
7 CrMo LHI 675 337 21.1 3.27 89.6
8 CrMo LHI 660 582 14.3 2.58 68.3
9 C M V L H I 680 340 22.4 6.90 81.2
10 C M V L H I 690 140 20.3 15.80 70.0
11 C M V L H I 660 661 17.8 1.35 77.2
12 C M V L H I 640 1552 6.6 0.21 25.5
13 C M V H H I 660 607 19.3 0.75 85.3
14 CM V HHI 640 1786 14.7 0.07 76.0
15 C M V H H I 650 1470 12.6 0.71 79.8
16 C M V H H I 670 468 7.5 1.13 28.8
Figures 29 and 30 show elongation (%) and RA (%) versus time to failure (hours). 
Elongation and RA are important properties which help provide an overall picture of 
what has happened in the lead up to the failure of the sample. Appendix C shows RA 
(%) versus position for a number of samples and how RA varies in different weldment 
zones. Temperature and time to failure correlations are presented in Section 4.5.
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tire 29: Elongation (%) versus time to failure (hours).
Figure 30: RA(%) versus time to failure (hours).
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4.2 MICROSCOPY
Optical microscopy was used to microstructurally evaluate crept samples, classify the 
extent of microstructural degradation (Toft and Marsden Classification) and cavitational 
damage (Neubauer Classification). Each sample was sectioned along the longitudinal axis 
and mounted. Repeat polish-etch cycles prepared the sample for optical microscopy (as 
described in Section 3.3.2). Information such as the zone in which failure has occurred 
was determined. Also, the extent of degradation (microstructural and cavitational) was 
evaluated. This section contains optical micrographs of the creep tested materials at the 
failure site and typical micrographs from each zone. Finally, Table 10 contains 
information such as failure location, Neubauer Classification, and Toft and Marsden 
Classification for each weldment zone in each sample.
4.2.1 CrMo Cross-weld Specimens (HHI and LHI)
The following optical micrographs (Figures 31-37) are of CrMo samples, both HHI and 
LHI. Figures 31-34 show optical micrographs of samples at the failure site using selected 
magnifications. Finally, Figures 35-37 represent non-failure site regions of the Cross­
weld samples, which respectively show inclusion particles, the parent metal and 
cavitation in the HAZ.
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(a)
(b)
Figure 31: HHI CrMo at failure site (WM), (a) X100 and (b) X200.
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(a)
(b)
Figure 32: LHI CrMo at failure site (WM), (a) X100 and (b)X200.
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(a)
(b)
Figure 33: LHI CrMo at failure site (HT HAZ), (a) X50 and (b)X125
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(a)
(b)
Figure 34: LHI CrMo at failure site (FLAVM), (a) FL/WM, X80 and (b) WM, X200
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(a)
(b)
Figure 35: HHI CrMo HAZ showing cavitation around MnS particles, (a) X200 and 
(b)X1060.
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(b)
Figure 36: Ex-service PM showing microstructural degradation of the bainitic ferrite, (a) 
X100 and (b)X530.
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(a)
(b)
Figure 37: CrMo samples showing, (a) cavitation in the HAZ (XI00), and (b) isolated 
cases of cavitation in the HAZ around MnS particles (XI060).
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4.2.2 CMV Cross-weld Specimens (LHI and HHI)
The following optical micrographs (Figures 38-43) show the microstructural status of 
CMV HHI and LHI specimens. Figures 38-40 are photomicrographs of the samples at 
the failure site, which corresponds to both the WM region and the Type IV region of the 
HAZ. Additionally, photomicrographs are presented of samples which exhibited 
cavitation in the HAZ, even though they failed in the WM region (see Figure 41). Finally, 
Figures 42 and 43 respectively show photomicrographs of the different zones of an 
actual pressure pipe component and the ex-service base material of a CMV Cross-weld 
specimen.
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(a)
(b)
Figure 38: LH I CM V at failure site (W M), (a) X100 and (b) X200.
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(a)
(b)
Figure 39: LH I CM V at failure site (W M), (a) X100 and (b) X200.
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(a)
(b)
Figure 40: H HI CM V at failure site (Type IV  region), (a) X50 and (b)X530.
90
(b)
Figure 41: Type IV  cavitation in the HAZ o f  LH I CMV, (a) X100 and (b) X1060.
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(a)
(c)
Figure 42: CMV from an actual component, showing (a) Type IV cracking and 
cavitation in the weldment (X40), (b)WM (X530), and (C) cavitated PM (X530).
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(a)
(b)
Figure 43: Ex-service CMV PM showing severe microstructural degradation of the 
bainitic ferrite and isolated cases of cavitation around MnS, (a) X400 and (b)X800.
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Table 10: Microstructural status of creep-rupture samples (Samples 1-16).
Sam ple Zone Neubauer Toft and M arsden
No. Classification Classification
1 Parent Metal A E
W eld M etal D C
HAZ C C
2 Parent Metal A D-E
W eld M etal E D-E
HAZ A E
3 Parent Metal A C
W eld Metal E B
HAZ E E
4 Parent Metal C C
W eld Metal E E
HAZ B E
5 Parent Metal A C
W eld Metal A B
HAZ D E
6 Parent Metal A C
W eld Metal E E
HAZ B B
7 Parent Metal B D
W eld M etal E E
HAZ B E
8 Parent Metal B E
W eld Metal E B
HAZ B E
9 Parent Metal A A
W eld M etal E E
HAZ A A
10 Parent Metal B D
W eld Metal D E
HAZ B C
11 Parent Metal B D-E
W eld M etal E E
HAZ E E
12 Parent M etal B D
W eld M etal B B
HAZ E D
13 Parent Metal B F
W eld M etal E B
HAZ E F
14 Parent M etal B D-E
W eld M etal E B
HAZ D D
15 Parent Metal B D-E
W eld Metal E B
HAZ D D
16 Parent M etal B D
W eld M etal A B
HAZ E E-F
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4.3 HARDNESS
Hardness testing was divided into two areas. Nano-hardness testing was used to obtain 
hardness profiles across the HAZ in cross-weld specimens before and after creep testing 
and also to examine the hardness variations observed in the specimens near the severely 
necked failure region.
Figures 44-47 show the hardness traverses across the HAZ of the four series of samples, 
CrMo and CMV low alloy steels with LHI and HHI welding. It should be noted that the 
values for H0 in Figures 44-47 are different and relate to each of four groups of samples 
studied: CMV LHI, CMV HHI, CrMo LHI and CrMo HHI. Figure 47 also shows the 
hardness traverse leading to the failure region which is typical of all samples that failed in 
the weld metal region (Sample 9). The units of hardness in these hardness profiles is 
GPa, because the nano indenter measures the force required to indent the surface a 
certain amount with a 100 gram load. This can be correlated to a Vickers hardness 
number by approximately multiplying by a factor of approximately 100. However, this is 
not necessary as the results are comparative and show the strength of the material at 
different test temperatures.
The Leco microhardness testing unit at the University of Wollongong was used 
determine the hardness of all the different zones in the material weldment and in turn to 
observe the correlation of the Larson-Miller Parameter (LMP) in the different weldment 
zones. In the parent metal and weld metal zones a load of 200 grams was used, and in 
the HAZ a lower load of 100 grams was used. The hardness indents in the HAZ were 
separated into three areas, namely:
1. Coarse grained HAZ (CG HAZ) or High Temperature (HT) HAZ which was 
measured as being 0.3mm from the fusion line (FL),
2. Fine grained HAZ (FG HAZ) or Low Temperature (LT) HAZ which was measured as 
being 0.3mm from the PM/HAZ interface.
3. Middle HAZ or Medium Temperature HAZ which was measured as being the region 
which was of equal distance to the FL and the PM/HAZ interface.
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The strength of low alloy steels changes with service exposure in a time and 
temperature dependant manner. Therefore, the hardness can be plotted versus the LMP, 
as shown in Figures 50 to 54, and can be used to estimate remaining time when service 
temperature and hardness are known.
4.3.1 CrMo Cross-weld Specimens (High Heat Input)
Figure 44 shows the hardness traverses across the weldment from Samples 1-4 and 
additionally the hardness traverse across the weldment from a sample prior to creep 
testing (Ho). In this figure the length values do not reflect the perpendicular distance 
across the HAZ, because these traverses were tracked diagonally across the HAZ to 
obtain the maximum number of indentations and thus a more accurate hardness profile.
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Figure 44: Hardness profiles across the weldment of CrMo HHI samples.
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4.3.2 CrMo Cross-weld Specimens (Low Heat Input)
Figure 45 shows the hardness traverses across the weldment from Samples 5-8. Similar 
to Figure 44, this diagram contains the hardness profile across the weldment from an 
uncrept CrMo LHI cross-weld sample (Ho).
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Figure 45: Hardness profiles across the weldment of CrMo LHI samples.
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4.3.3 CMV Cross-weld Specimens (High Heat Input)
Figure 46 shows hardness profiles across the weldment for Samples 9-12 and the 
hardness profile from an uncrept CMV HHI cross-weld (Ho).
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The hardness traverses of Samples 13-16 are shown in Figure 47. Similar to Figures 44­
46, this figure also contains a hardness profile from a cross-weld specimen of the CMV 
low heat input weld before exposure to accelerated creep test conditions (Ff).
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4.3.5 Hardness and Temperatures Correlations
The relationship between hardness and temperature generally follows the trend that as 
temperatures increase the hardness and strength of the steel decreases. However, the 
creep testing was performed in a narrow temperature range (640°C-690°C) and thus this 
relationship was not always followed. Figures 48 and 49 respectively show the hardness 
versus testing temperature for the ruptured CrMo HHI and CMV samples in the five 
different weldment zones.
Figure 48: Average hardness versus testing temperature for CrMo HHI.
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T(°C)
Figure 49: Average hardness versus testing temperature for CMV HHL
43.6 The Larson Miller Parameter and Hardness
The Larson Miller Parameter (LMP) is a parametric extrapolation technique that allows 
the estimation of long term creep and rupture strengths of materials based on short 
duration tests like the accelerated creep tests that were conducted in the present 
investigation. The LMP incorporates time and temperature into a single expression and 
when the LMP is known, the time for the material to reach a particular stage of property 
degradation (or to rupture) at a given temperature can be calculated directly from 
Equation 14. Since there were four different groups of cross-weld specimens and they 
predominantly failed in the WM zone, a number of hardness versus LMP curves were 
created.
The following figures are plots of H/Ho versus the LMP for the WM zone of each group 
of cross-weld specimens, where H is the Vickers hardness and Ho is the original 
hardness of the specimen before being exposed to high temperature and stress 
conditions. Figure 50 shows H/Ho versus LMP for the weld metal region in the four 
different groups and Figures 51-54 show each of these curves individually. The data 
have been obtained from the creep-rupture tests of Samples 1-16. Note that the data for
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the two LHI welds cluster together at higher values of H/Ho (-0.65); and the data for 
the two HHT welds tend to superimpose at lower values of H/Ho (-0.55). These H/Ho 
ratios can be taken as characteristic values associated with failure for the two different 
welding procedures. Further, all of the LMP values were confined to a narrow range of 
21,000-21,500.
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Figure 50: H/Ho versus LMP for the WM region of each group of samples.
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Figure 51: H/Ho versus LMP for the WM of HH3 CrMo.
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Figure 52: H/Ho versus LMP for the WM of LHI CrMo.
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Figure 53: H/Ho versus LMP for the WM of HHICMV.
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LMP -  T(20+Logiot)xl0’3
Figure 54: H/Ho versus LMP for the WM of LHI CMV.
Table 11 lists the lowest LMP parameter value for each set of creep tested samples (see 
also Figure 50). Selection of the lowest LMP value is consistent with making the most 
conservative estimate of remaining life. The final column lists the estimated remaining 
life (years) at the actual service temperature determined from Equation 14, assuming 
that failure will occur when the characteristic H/Ho ratio is reached
Table 11: Use of the LMP to determine remaining life at the service temperature of the 
repair weldment.
Sample
Set
Test T 
(°C)
Minimum 
LMP at 
Rupture
Actual 
Service T 
(°C)
Lem
(hours)
x 103
Lem
(years)
CrMoHHI 640 21221 838 211 24
CrMo LHI 660 21239 838 221 25
CMVHHI 640 21228 813 1290 126
CMV LHI 640 21173 813 1100 148
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The more common application of the LMP approach is to use it to predict the time or 
temperature required to reach a particular stage of property degradation (usually 
hardness)56.
As already mentioned the LMP incorporates exposure time and temperature into a single 
expression, and with the added variable property of hardness a single master curve can 
be created. Then the time for a material to reach a certain hardness can be calculated 
directly from this master curve. This technique requires data to be obtained from a series 
of interrupted creep tests conducted at the same temperature (which is normally higher 
than the service temperature). Hence, a master curve is developed which can be used to 
estimate the time required at the service temperature to reach a certain hardness level. 
The results for such an analysis are presented in Section 4.7 (Interrupted Creep Test 
Results).
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4 .4  FRACTOGRAPHY
The fracture surfaces of the ruptured creep specimens were examined in a scanning 
electron microscope (SEM). Scanning electron fractographs were important in this 
research in that valuable information such as mechanisms of failure and the nature of the 
failure could be determined.
Also, optical microscopy was used to determine the failure location, and as shown in 
Table 12 (Section 4.4.1), the regions where each sample failed is illustrated. Additionally, 
Appendix D shows typical photographs of failed test pieces.
Section 4.4.2 contains SEM fractographs which illustrate the typical mechanisms of 
failure for the specimens. This section has comparisons of the failure surfaces 
corresponding to the WM, HAZ, and fusion line failures of different types of specimens 
and at different temperatures.
4.4.1 Failure Location Sites of the Cross-weld Specimens
The majority of specimens tested had failed in the weld metal zone, compared to the 
expected Type IV region (between the fine grain HAZ and the PM region) in the HAZ, 
where only three samples failed. According to the literature30,41 failure should occur in 
the HAZ due to the inferior properties of this zone. However, failure in the WM region is 
also common due to WM inclusions incurred from the welding process. Thus, it is 
imperative to use a suitable welding process which minimises welding flaws. The 
presence of inclusions in both the WM and PM was substantial, with approximately 2­
3% volume fraction present in both of these regions. The WM region predominantly 
contained oxidised inclusions, whereas the HAZ and PM contained MnS inclusions.
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Table 12: Specimen failure locations
Sample No. Failure Location
1 weld metal region near HAZ
2 weld metal region near HAZ
3 weld metal region near HAZ
4 weld metal region near HAZ
5 coarse grained HAZ region
6 weld metal region near HAZ
7 weld metal region near HAZ
8 weld metal/fiision line region
9 weld metal region near HAZ
10 weld metal region near HAZ
11 weld metal region near HAZ
12 intercritical HAZ region
13 weld metal region near HAZ
14 weld metal region near HAZ
15 weld metal region near HAZ
16 intercritical HAZ region
4.4.2 SEM Fractography Results
SEM fractography was performed on all creep tested samples within a week of failure. 
Figures 55-58 show the typical fractured surface of a weld metal failure in each of the 
four types of cross-weld samples that were tested at varying magnifications.
Figures 59-60 show the fractured surfaces of Samples 12 and 16. These two samples 
failed in the intercritical region of the HAZ which classes their failure as a Type IV 
failure. Type IV region failures are expected in Cr-Mo steel weldments30,41. However, 
the testing program showed otherwise, that is, samples failed predominantly in the weld 
metal region. Additionally, Sample 5 failed in the CG HAZ (Figure 61).
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(a)
(b)
Figure 55: SEM fractographs of a typical weld metal failure in a creep tested CrMo HHI
cross-weld sample at (a) X2000 and (b) X5000.
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(b)
Figure 56: SEM fractographs of a typical weld metal failure in a creep tested CrMo LHI
cross-weld sample at (a) X1000 and (b) X6000.
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(a)
(b)
Figure 57: SEM fractographs of a typical weld metal failure in a creep tested CMV LHI
cross-weld sample at (a) X800 and (b) X4000.
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(a)
(b)
Figure 58: SEM fractographs of a typical weld metal failure in a creep tested CMV HHI
cross-weld sample at (a) X2000 and (b) X4000.
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(a)
(b)
Figure 59: SEM fractographs of Sample 12, CMV LHI (Type IV weld metal failure) at
(a) X2000 and (b) X2000.
I l l
(a)
(b)
Figure 60: SEM fractographs of Sample 16, CMV HHI (Type IV weld metal failure) at
(a) X800 and (b) X4000.
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(a)
(b)
Figure 61: (a) SEM fractograph of Sample 5, CrMo LHI (HT HAZ failure) at X I500
and (b) the same sample showing void nucleation along one axis of a hardness
indentation X250.
4.5 6TEMPERATURE VERSUS TIME5 
REMAINING LIFE PREDICTIONS
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The CRC creep testing program involved accelerated creep tests at much higher 
temperatures (between 640-690°C) than service operating temperatures (500-550°C), 
because of time constraints. By increasing the testing temperature the time to failure is 
decreased, thus producing faster testing times. From the logarithmic relationship that 
exists between testing temperature and time, remaining life predictions can be made for 
these materials at their operating temperature. Figures 62 (a), (b) and (c) show the 
temperature versus log time plots of the four different cross-weld specimens. Figures 62 
(a), (b) and (c) show the direct line fit and Figure 62(d) gives a conservative line fitting 
approach.
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Figure 62(a): Temperature (°C) versus log rupture time (hours) for CrMo (HHI and 
LHI) and CMV (HHI and LHI) with a direct line fit of data from all samples.
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Figure 62(b): Temperature (°C) versus log rupture time (hours) for CrMo (HHI and 
LHI) with direct line fits of the data
Figure 62(c): Temperature (°C) versus log rupture time (hours) for CrMo (HHI and 
LHI) with direct line fits of the data.
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Figure 62(d): Temperature (°C) versus log rupture time (hours) for CrMo (HHI and 
LHI) and CMV (HHI and LHI) with a conservative line fit of data from all samples.
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4.6 FINITE ELEMENT ANALYSIS
A finite element analysis (FEA) model was constructed by the Engineering Analysis 
group at ANSTO for direct comparison with the CRC cross-weld creep tests. FEA was 
used to calculate the stress distribution along a cross-weld sample. Variables required for 
the modelling of creep specimens included:
• specimen geometry (width of WM, PM & HAZ, gauge length and radius),
• creep/stress equations, and
• hardness of the different zones.
The FEA method breaks down complex shapes or structures into small shapes (elements) 
for which analytical solutions exist. The model generated must duplicate the actual 
shape, imposed stresses and material properties of the original object. In this model, 
hardness was the material property used to differentiate between the three different 
weldment zones (PM,WM and HAZ), where:
H wm > H haz > Hpm
Uniaxial stress was applied initially with both ends of the sample pinned as is the case in 
the SATEC creep tests of the actual (real life) cross-weld specimens. The general power 
law creep equation was used in the FEA model (see Equation 16). This equation predicts 
secondary creep and is ideal since the primary stage of creep is minimal in the actual 
creep tests because of the loads used.
k = ksn (16)
Figures 63(a-d) show the stress distribution of a modelled creep tensile specimen 
subjected to a uniaxial load for varying times. These stress distribution plots show higher 
stress concentrations in the HAZ and the WM region adjacent to the HAZ which are the 
regions where failure occurred in thirteen of the creep tested samples.
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Figure 63(a): FEA stress distribution plot on a sample crept at a time of 0.12441E-02. 
(Bar Scale in MPa)
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Figure 63(b): FEA stress distribution plot on a sample crept at a time of 0.32113 IE-02 
(Bar Scale in MPa)
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Figure 63(c): FEA stress distribution plot on a sample crept at a time of 0.44634E-02. 
(Bar Scale in MPa)
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Figure 63(d): FEA stress distribution plot on a sample crept at a time of 0.56283E-02. 
(Bar Scale in MPa)
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47 INTERRUPTED CREEP TEST RESULTS
Two interrupted creep tests were conducted. The test temperature was 663°C so a direct 
comparison could be made with Sample 1. The specimens were HHI cross-welds of 
CrMo steel. Sample 17 was stopped at 0.35tf and Sample 18 was stopped at 0.75tf. 
Sample 18 performed as expected and followed the creep curve of Sample 1, whereas 
Sample 17 crept at a higher rate than Samples 1 and 18 (see Figure 64). The reasons for 
this excessive creep rate are discussed in Section 5. Photographs of Samples 17 and 18 
are respectively shown in Figures C and D in Appendix D.
Section 4.7 covers relevant creep data, optical microscopy and the hardness of different 
weldment regions of Samples 17 and 18 (see Figure 67). Also, the LMP and ‘A ’ 
parameter assessment techniques involving data from these samples are covered
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Time (hours)
Figure 64: Interrupted creep curves of HFH cross-weld CrMo
Figures 65 and 66 show optical micrographs of the weld metal zone and the Type IV 
region of Samples 17 and 18, respectively. The extent of microstructural and cavitation 
damage is evident in these optical micrographs. Table 13 classifies the extent of 
microstructural degradation in terms of the Neubauer Classification (cavitation) and the 
Toft and Marsden Classification (microstructural).
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Figure 65: Optical micrographs of Sample 17, showing: (a) WM region where most 
severe necking occurred (X800), (b) Type IV region derived from ex-service PM
(X400), and (c) ex-service PM (XI60).
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66: Optical micrographs of Sample 18, showing (a) WM region where most 
necking occurred (X400), (b) Type IV region derived from ex-service PM
(160X), and (c) ex-service PM (X800).
122
□ Sample 1
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Figure 67: Hardnesses of various regions of Samples 17 and 18 compared to Sample 1.
Table 13: Cavitational and microstructural evaluations of interrupted creep samples
Sample Weldment Zone Neubauer
Classification
Toft and Marsden 
Classification
Parent Metal A B-C
17 Weld Metal C C
HAZ B E
Parent Metal A D
18 Weld Metal B B
HAZ B D
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4.7.1 The Larson-Miller Parameter (LMP) Master Curves
As discussed in Section 4.3.6, the LMP is a parametric extrapolation technique that 
allows the estimation of long term creep strength of materials based on short term 
accelerated creep tests. Together with the additional variable property of hardness a 
master curve can be developed provided the creep testing is carried out at the same 
accelerated temperature and the test is interrupted at various intervals to obtain a plot of 
H/Ho versus LMP56.
Figures 68 (a) and (b) respectively show the LMP master curve generated for HHI CrMo 
weldments in the WM and FG HAZ. The data points in these figures were obtained from 
Samples 1,17 and 18. Also, Figure 68 (c) shows the LMP master curve of the WM zone 
and FG HAZ plotted on the same axis. The master curve for the WM region comes to an 
abrupt end at the LMP value for the failed sample and it would be meaningless for the 
graph to extend beyond this point. Also, if the curve was extended beyond that point it 
would level off as the H/Ho value should reach a limiting value. The curve for the FG 
HAZ continues on as the LMP value where failure occurs is not defined in this case.
l
0.9
0.8
0.7
0.6 
i~4*>
wa 0.5 
0.4 
0.3 
0.2 
0.1 
0
20.7 20.8 20.9 21 21.1 21.2 21.3 21.4 21.5
LMP = T(20+Logiot)xl0"3
Figure 68 (a): LMP master curve for the WM region of CrMo HHI.
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Figure 68 (b): LMP master curve for the FG HAZ of Hffl CrMo.
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Figure 68 (c): LMP master curves for the WM zone and FG HAZ of HHI CrMo.
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4.7.2 ‘A’ Parameter and Remaining Life of Samples 17 and 18
The ‘A’ parameter defined, as the fraction of cavitated grain boundaries to uncavitated 
grain boundaries, is represented by the equation 44:
t
0 - ^ )  =  ( l - — )
A -\
t}A (17)
The values for r\ and X are taken as 3 and 2.5, respectively56. The remaining life, tr, under 
the given creep test conditions was determined for each zone in both Samples 17 and 18 
(see Table 14).
Table 14: ‘A’ Parameter and remaining life calculations (from Equation 17) of the 
different weldment zones in Samples 17 and 18.
Sample No. Weldment Zone ‘A’ Parameter Remaining Life 
(hours)
PM no cavitation -
17 WM 0.736 315
HAZ no cavitation -
PM no cavitation -
18 WM no cavitation -
HAZ no cavitation -
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4.8 SERVICE-FAILED CMV/CrMo WELDED PIPE
The results in this section are from a service-failed CMV pressure pipe which was 
welded to CrMo. The photomicrographs in Figure 69 show the extent of cavitational 
damage experienced by the pressure pipe at the service temperature. In the accelerated 
creep tests in Samples 1 through to 18, the creep damage was localised to a specific 
section in the weld zone where almost all failures occurred and cavitation damage was 
also localised in the Type IV region. However, as the photographs in Figure 69 show, in 
the actual in-service situation the extent of cavitation was not localised but evident in the 
PM and the HAZ, even though the most severe cavitation and macrocracking occurred in 
the Type IV region.
Table 15 shows the extent of microstructural and cavitational damage via the Neubauer 
Classification and Toft and Marsden Classification. The hardness profile across the HAZ 
of the service-failed sample is shown in Figure 70.
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(b)
(c)
Figure 69: (a) Photomacrograph from a service-failed CMV component showing all 
weldment zones and Type IV cracking (X7.5), and photomicrographs of (b) the Type IV 
region (X40) and (c) the PM (X530).
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Table 15: Cavitational and microstructural evaluations CMV/CrMo welded pressure 
pipe exposed to service conditions and nearing the end of its remaining life.
Weldment Zone Neubauer Classification Toft and Marsden
Classification
Weld Metal A B
1 C oarse G rained H A Z (CM V ) C D
Fine Grained HAZ (CMV) C D
Type IV Zone (CMV) E D-E
Parent Metal (CMV) C D j
Figure 70: Hardness profile of the service-failed component after being exposed to 
service conditions at the operating temperature.
CHAPTER 5
DISCUSSION
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5. DISCUSSION
Accelerated creep tests of Cr-Mo steels, which are used extensively in Australian 
industry are valuable as a tool for metallurgical and remaining life assessment of pressure 
vessel steels. The ability to predict the remaining life of pressure vessel components is of 
paramount importance. Benefits include reducing the cost of maintenance, reducing the 
number of inspections and providing the option of repair welding instead of replacement.
The low alloy steels, CrMo and CMV, were two of three creep resistant steels 
investigated in the CRC project titled: “Welding of Thermally Modified Structures”. In 
all, eighteen cross-weld specimens were prepared for accelerated creep testing on the 
Satec Creep Rupture Stress Rigs at ANSTO. The status of these test are shown in Table 
8 (Section 3.2.3).
Ten CrMo cross-weld specimens (four welded by the low heat input welding procedure 
and six by the HH3 procedure) were prepared for accelerated creep testing. Testing 
temperatures ranged between 640°C and 690°C and all but two of the prepared samples 
were taken to rupture. Additionally, eight CMV cross-weld specimens (four welded by 
the low heat input welding procedure and six by the HHI procedure) were prepared for 
accelerated creep tests which were also taken to rupture.
Accelerated creep tests are extremely useful in making remaining life predictions via 
‘temperature versus log time’ graphs and LMP/Hardness master curves. Additionally, 
valuable information such as creep curves, elongation and reduction in area (RA) can be 
obtained from accelerated creep tests.
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5.1 CREEP
5.1.1 Creep Properties of CrMo Cross-weld Samples
Creep curves for each sample tested were generated from LVDT readings of extension 
(mm) recorded at hourly intervals. Figures 25 and 26 respectively show the creep curves 
of all CrMo LHI and HHI welded samples. Predominantly, as testing temperature is 
increased, the time to rupture decreases and elongation at rupture increases. This is due 
to higher temperatures reducing the extent of the primary stage of creep and almost 
eliminating the secondary stage of creep (steady state creep)56. The primary and 
secondary stages of creep are usually time consuming and since the tertiary stage of 
creep begins almost immediately, elongation is increased. However, in cross-weld 
samples this is not always the case as different samples tend to fail in different weldment 
zones. Figure 25 follows the above trend because all of the samples (CrMo HHI) failed 
in the WM zone. In contrast the creep curves generated from CrMo LHI samples (Figure 
26) at 689°C and 665°C do not follow this trend because the samples respectively failed 
in the high temperature (HT) HAZ (or coarse grained HAZ) and the WM/FL. The 665°C 
sample initially failed in the WM region and then the crack path merged into the fusion 
line, which provided the path of lowest energy. HAZ failures generally involved lower 
elongation at rupture and lower RA at the failure site. The WM/fusion line failed sample 
showed an increase in RA (%) but the shape of the failed section was irregular, making 
measurement difficult and inaccurate.
As mentioned, failures in the HAZ involved lower RA (%) and elongation (%) than 
samples which failed in the WM region. This effect is due to stress redistribution that 
occurs in creep. In the creep regime, time dependent deformation will result in a 
redistribution of stress into the HAZ56, thus leading to lower rupture elongation and RA 
(%). Appendix C, which shows the RA versus position of the sample, also supports the
v
notion of a stress redistribution into the HAZ from the surrounding parent metal and
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parent metal and WM zones. Failures in the HAZ show lower RA values than WM 
failures indicating the less ductile nature of the failure in the HAZ (see Section 5.2.1).
5.1.2 Creep Properties of CMV Cross-weld Samples
Figures 27 and 28 respectively show the creep curves of the CMV LH3 and HHI welded 
samples. As testing temperature is increased, the time to rupture generally decreases and 
the elongation at rupture increases as shown for the CrMo tests. This is again due to 
higher temperatures reducing the extent of the primary and secondary stages of creep, 
and promoting tertiary creep. However, in similar fashion to the cross-weld group of 
samples in the CrMo steels, this trend was not always followed. For example, in Figure 
27 the 670°C creep curve breaks this trend because the other three creep curves in that 
series of tests were generated from a sample which failed in the WM region, whereas the 
670°C sample failed in the HAZ (more specifically, in the Type IV or intercritical 
region).
In addition, Figures 29 and 30 show that whenever cross-weld samples failed in the same 
weldment region, elongation (%) and RA (%) decreased as the testing temperature 
decreased (or equivalently, as the rupture time increased). This trend is altered in a cross­
weld series of samples when a failure occurs in a different weldment zone. Lower 
elongation at rupture and lower RA at the failure site are associated with HAZ failures. 
This is due to a redistribution of stress to the HAZ, which results in more rapid failure at 
a lower rupture elongation and lower rupture RA (that is, a less ductile fracture). As for 
CrMo, Figure B in Appendix C, which shows the RA versus position in the CMV 
sample, also supports the notion of a stress redistribution into the HAZ from the 
surrounding PM and WM regions. The RA values are clearly larger in the HAZ 
compared to the adjacent PM and WM regions. However, the HAZ failures show lower 
RA values overall than for WM failures, indicating the less ductile nature of the failures 
in the HAZ (see Section 5.2).
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5.1.3 Comparison of CrMo and CMV Cross-weld Samples
Creep curves generated from the CMV and CrMo HHI and LHI tests were very similar 
from a rupture time and temperature perspective in the accelerated temperature range 
(640-690°C). However, in the operating temperature range (approximately 550°C) 
where remaining life is predicted from ‘temperature versus time’ graphs the difference is 
substantial. This aspect is discussed in Section 5.4 (Remaining Life Assessment).
Creep strengths and rupture strengths are usually given most attention as design and 
failure parameters. Other important parameters are the rupture elongation (%) and RA 
(%). All four types of samples exhibited similar elongation (%) and RA (%) values, 
taking into account the weldment zone in which failure occurred. The CrMo HHI group 
of creep samples showed the highest values for elongation, ranging between 18% and 
32% (see Figure 29). The other samples all showed similar results (% elongation less 
than 20%). It is not clear why the CrMo HHI samples showed higher % elongation 
values than other groups of samples which failed in the WM region. The weld 
consumable for all samples was a low hydrogen powder electrode containing 
approximately 2.25% Cr and 1% Mo and the only variable in the weld procedure is the 
heat input. The average heat inputs were 0.8-0.9 kJ/mm (LHI) and 2.2-2.4 kJ/mm (HHI). 
One possibility is that in the CMV weldments there was dilution of the vanadium into the 
WM, leading to the formation of vanadium carbides and more cavity nucleation sites in 
the WM and thus lower elongation values. In the LHI samples the smaller grain size in 
the WM compared to the HHI samples could have increased the susceptibility to creep 
cavitation leading to premature failure at lower elongation values.
In terms of RA (%), all values for the four types of cross-weld samples were similar. 
Samples failing in the weld metal region had RA values between 50% and 90 % due to 
the ductile nature of the WM under the operative creep conditions. Similarly, RA (%) 
values for all samples failing in the HAZ were consistent, with values varying from 25­
45% (see Figure 30).
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It was evident that a stress redistribution occurs during time dependent creep 
deformation in the cross-weld samples. Stresses from the WM and PM region were 
redistributed to the HAZ, as shown by the RA (%) versus position plot in Appendix C.
5.2 METALLURGICAL ASPECTS
Microstructural indicators are vital for complementing mainstream remaining life 
assessments which are discussed in Section 5.3 (Remaining Life Assessment). This 
project involved detailed optical and scanning electron microscopy, and hardness testing 
to characterise microstructural degradation, inclusions, microstructural cavitation and 
failure modes.
5.2.1 Metallurgy of CrMo Cross-weld Samples
Optical microscopy revealed that seven of the eight CrMo samples creep tested failed in 
the WM region. Sample 5 failed in the HT HAZ (CG HAZ). This sample was tested at 
689°C and its elongation (%) and RA (%) were low compared to the other tests in the 
same series.
Figure 31 shows the WM failure site of a HHI cross-weld specimen and Figure 32 shows 
the WM failure site of a LHI specimen. There is little difference between these two 
photomicrographs, even though one is associated with the HHI weld procedure and the 
other with the LHI weld procedure. Figure 33 shows photomicrographs of a sample 
which failed in the HT HAZ (Sample 5) and Figure 34 presents photomicrographs of the 
sample which failed in the WM region with the crack path merging into and following the 
fusion boundary which is obviously the path requiring lowest fracture energy (Sample 8). 
This fracture path was related to excess cavitational damage in the WM region 
(Neubauer Rating of E) where cracking initiated. However, the subsequent crack along 
the fusion line was not associated with surrounding cavitation.
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All figures (except Figure 34(a)) show intergranular cracking initiated by the nucleation, 
growth and coalescence of cavities which were invariably present near the failure zone. 
This finding is in accordance with the fracture deformation mechanism map shown in 
Figure 24. The map shows that the same deformation mode (intergranular creep fracture) 
occurs between service temperatures (~540°C) and the maximum testing temperature 
(690°C).
However, the creep strengths of each weldment zone change with temperature. 
Generally at higher temperatures (toward 690°C) the WM had the lowest creep strength 
and hence failure occurred there. At lower temperatures (closer to or at service 
temperatures) the FG HAZ was more susceptible to creep damage and hence failure 
generally occurred in that region.
According to the literature30,41, weldment failure is more likely to occur in the weakened 
HAZ, in particular in the intercritical HAZ or Type IV region. Although seven of the 
eight samples tested failed in the WM zone, microstructural degradation and cavitational 
damage in the HAZ had occurred, with the extent of cavitation varying between 
samples. Of the samples which failed in the WM region, Sample 3 (CrMo cross-weld 
sample tested at 640°C) exhibited the most serious extent of cavitation in the HAZ with 
a Neubauer rating of E (see Table 10). A rating of E implies that the cavities present 
have grown and coalesced to form microcracks which are NDE non-detectable (less than 
2 mm in length). The reason that only Sample 3 showed extensive HAZ cavitational 
damage is that it was tested at the lowest temperature of all the eight CrMo samples. 
Tests conducted towards the higher end of the test temperature range reveal no 
cavitation except near the failure site. This is because at higher temperatures cavitation 
remains localised near the failure site (WM) and there is insufficient time for cavitation to 
initiate throughout the other regions of the weldment (HAZ and PM). This conclusion is 
confirmed by the photomicrographs in Figure 69 (Section 4.8) which show cavities in all 
the weldment zones (except WM region) of the service-failed CMV pressure pipe which 
had been welded to CrMo steel. Therefore, it can be concluded that the lower the 
operating temperature the less localised the extent of cavitational damage. Samples 1, 2,
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4, 6, 7 and 8 all exhibited low Neubauer ratings in the HAZ which implies they contained 
isolated cases of cavitation, usually associated with MnS particles (see Table 10 and 
Figure 35).
In terms of microstructural degradation rated by the Toft and Marsden Classification, 
most samples rated C and D, with a few samples rating E. This implies that they were at 
the intermediate stage of spheroidisation where the carbide component of bainitic ferrite 
has spheroidised but the carbides remain grouped in their original bainitic ferrite grains 
(see Figure 36 and Table 10). The degradation of microstructure has an effect on the 
hardness of the material, and in view of the relationship to hardness with testing 
temperature the degradation of microstructure has an influential effect on the creep 
properties.
In addition to optical microscopy, SEM was used to examine the fractured surfaces of all 
CrMo specimens. SEM fractographs indicate the mechanisms and nature of the failures 
associated with crept samples. The fractographs in Figures 55 and 56 show the extremely 
ductile nature of weld metal creep failure in CrMo HHI and LHI specimens, respectively. 
Close inspection of these fractographs reveals that some of the dimples contained 
spheroidal particles, which are most likely non-metallic inclusions or fine carbides. These 
particles play a pivotal role in the nucleation of voids. It should be noted that the direct 
identification of these sub-micron particles was not possible by EDS analysis. However, 
optical microscopy revealed cases of isolated cavitation around MnS particles in the PM 
region of cross-weld samples. This observation supports the above proposal that MnS 
inclusions and other non-metallic inclusions can act as nucleation sites for cavities.
Dimpled fracture surfaces are easily recognised and are indicative of ductile fracture. 
Dimples are formed by microvoid coalescence and relatively smooth and clearly defined 
dimples (Figures 55 and 56) indicate a low velocity failure (crack velocity). Comparing 
the fracture surfaces of Figure 55 and 56 (WM failures) to that in Figure 61 (SEM 
fractograph of HT HAZ failure), the surface is dimpled but the fracture is less ductile and 
failure occurred at a faster rate (evident by the rougher and more corrugated fracture 
surface in Figure 61). Also, supporting the less ductile fracture are the low elongation
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(%) and RA (%) values accompanying this sample (relative to the samples which failed in 
the WM).
The SEM micrograph in Figure 61(b) shows a hardness indentation implanted in the 
specimen prior to creep testing for making localised strain measurements on the sample. 
This indent shows cavitation formed along one of the diagonals, supporting the theory 
that nucleation of cavities is dependant on the direction of stress.
Hardness testing enables the comparison of different weldment zones before and after 
creep. Figure 44 illustrates the effect of hardness on a sample which has been exposed to 
high temperature creep conditions. This figure contains the hardness traverses across the 
HAZ for Samples 1-4 which were welded by the HHI weld procedure and also the 
hardness traverse of a compatible HHI CrMo sample before creep testing. The weldment 
zones most affected are the HAZ and the WM region for which the hardness decreased 
by approximately 1.3GPa (equivalent to approximately 130HV). The base metal hardness 
was least effected and its hardness decreased by much less than 1 GPa (equivalent to 
approximately 100 HV). Obviously, there is a more dramatic change in the hardness of 
the WM and HAZ compared to the PM in the HHI case. This must have an influence on 
the type of failure occurring in these regions.
Similar trends are seen in the hardness profiles for the LHI CrMo specimens (see Figure 
45). The HAZ and WM undergo a decrease in hardness by approximately 1 GPa (100 
HV), and the base metal experiences a change in hardness of less than about 0.4 GPa 
(equivalent to approximately 40 HV).
The lower values of H/Ho (see Figure 50) associated with failure of the high heat input 
welds may be associated with a higher proportion of cast as opposed to thermally 
modified (normalised) weld metal, leading to a higher starting hardness, Ho, compared to 
the low heat input procedure. The hardness data in Figures 44-47 support this 
conclusion.
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Figure 67, which shows the hardnesses for various regions of interrupted cross-weld 
samples compared to Sample 1 (ruptured), is discussed in Section 5.4.5. The dynamic 
softening that occurs during creep is specifically discussed.
5.2.2 Metallurgy of CMV Cross-weld Samples
As for the CrMo crept specimens, the majority of the cross-weld CMV samples failed in 
the WM region. Optical microscopy revealed that six of the eight samples creep tested 
failed in the WM region. Figures 38 and 39 respectively show the WM failure sites for a 
HHI and LHI CMV sample. These photomicrographs are similar and show intergranular 
grain boundary failure by the formation of cavities. In contrast, two of the samples in the 
CMV series failed in the Type IV region. This is the region defined as the intercritical 
region adjacent to the PM running parallel to the fusion line (see Figure 21).
Figure 40 shows a photomicrograph of a intercritical (Type IV) HAZ failure which is 
similar to Figures 38 and 39. All these figures show intergranular cracking initiated by 
the nucleation and coalescence of cavitation which was present in the region of the 
failure zone.
Weldment failure has been predicted to occur in the weakened HAZ30,41. However, in the 
samples tested weldment failure occurred predominantly in the WM. The exceptions are 
Samples 11, 13, 14, and 15 which exhibited cavitational damage in the HAZ with a 
Neubauer Rating of D or E (see Table 10 and Figure 41). Samples 9 and 10 showed little 
or no cavitation because the testing was conducted at higher temperatures. At higher 
testing temperatures the effects are similar to those occurring in the CrMo samples: 
cavitation remains localised to the region of the failure site due to the relatively long 
incubation time for cavities to nucleate throughout different regions of the weldment.
In the service-failed pressure pipe exposed to normal operating conditions, cavitation 
occurred uniformly throughout all of the HAZ and PM zones. Figure 42 shows a 
photomicrograph of this component containing cavities in the PM and HAZ regions with
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a greater concentration of cavities in the intercritical HAZ This result supports the 
observation that at lower temperatures, there is more time for cavitation to nucleate in 
the HAZ and PM weldment zones before catastrophic failure occurs in one of these 
regions.
SEM was used in addition to optical microscopy to study the fracture surfaces of all the 
test pieces. SEM fractographs (Figures 57-59) reveal the nature and mechanisms of 
failure in the CMV cross-weld samples. The fractographs in Figures 57 and 58 show the 
extremely ductile nature of weld metal failure as a result of creep in both the LHI and 
HHI welded samples, respectively. These fractographs are similar to the CrMo samples 
because the samples are repair welded by the same weld material. As mentioned, this is a 
low hydrogen iron powder electrode containing approximately 2.25% Cr and 1% Mo 
(see Appendix A). Differences in the fractured surfaces of the CrMo and CMV samples 
arise because the CMV samples may have vanadium dilution effects. Vanadium carbides 
present in the PM can dissolve into the WM by dilution and re-precipitate on cooling. 
These carbides create further nucleation sites for dimpling. This may explain the ‘cleaner’ 
fracture surface of the WM in CMV weldments.
High magnification SEM (greater than X I500) revealed that some of the dimples 
contained spheroidal particles which are most likely non-metallic inclusions (Figure 57 
(b)) or fine carbides (these could not be distinguished by EDS analysis). These sub­
micron particles play a pivotal role in the nucleation of cavities, and future work could 
involve EDS in a transmission electron microscope (TEM) to determine the nature and 
type of particles present in the failure zones. Moreover, optical microscopy revealed 
cases of isolated cavitation around MnS particles in the PM of the cross-weld samples 
(see Figure 43(a)). This observation supports the above suggestion that these particles 
act as nucleation sites for cavities.
Dimples are indicative of a ductile fracture and they are formed by microvoid 
coalescence. Clearly defined dimples which are easily recognisable indicate a low velocity 
failure (crack velocity). The fracture surface in Figure 59 (Type IV region) shows 
dimples but the fracture is less ductile and the failure occurred at a higher crack velocity
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(evident by the ‘scaling’ present) than for the samples shown in Figures 57 and 58 
(WM).
Hardness testing enables the comparison of different weldment zones before and after 
creep. Similar trends were observed in the hardness properties of CMV HM and LHI 
weldment zones. Figures 46 and 47 show the hardness properties of samples after 
exposure to creep conditions at selected temperatures. The weldment zones most 
affected are the HAZ and WM regions whose hardnesses decreased by approximately 1.5 
GPa (equivalent to approximately 150 HV) in both the HHI and LHI cases. The strength 
of the PM is least affected and its hardness is reduced by less than 0.5 GPa (equivalent to 
approximately 50HV) in both the LHI and HHI cross-weld samples. The more dramatic 
change in hardness in the HAZ and WM regions must have a substantial effect on the 
creep resistance in these regions and it might explain why failures occur predominantly in 
these regions.
Figure 70 shows the hardness traverse of a service-failed CMV pipe weldment after 
exposure to service conditions at normal operating temperatures (approximately 550°C). 
The hardness profile in this figure is similar to the hardness profiles in Figures 46 and 47 
(CMV weldment profiles), and also Figures 44 and 45 (CrMo weldment profiles).
For all creep tested samples which failed in the WM, the hardness values in the WM 
region approaching the failure site are relatively constant. This is shown, for example, by 
the hardness profile of Sample 9 in Figure 47 in the WM region up to position 12.4 mm 
which is the failure site. Therefore, it can be concluded that hardness over the whole WM 
region remains relatively constant even at or near the failure site. Also, the lower values 
of H/Ho (see Figure 50) associated with failure of the high heat input welds may be 
associated with a higher proportion of cast as opposed to thermally modified 
(normalised) weld metal, leading to a higher starting hardness, Ho, compared to the low 
heat input procedure. The hardness data in Figures 44-47 support this conclusion.
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Hardness data are also useful for determining the relationship with testing temperature. 
Generally, the relationship follows the trend that as temperature is increased the hardness 
of the material decreases due to structural coarsening and more effective dynamic 
restoration because of the increase in dislocation mobility at higher temperatures. 
However, the testing temperatures of the materials covered only a narrow testing range, 
and hence this trend was not always evident. Figures 48 and 49 record hardness versus 
testing temperature for the HHI of the two steels in all the different weldment zones. 
These two figures reinforce the general trend of decreasing hardness with increasing 
temperature in a particular region of the weldment produced by welding.
5.2.3 Comparison of CrMo and CMV Cross-weld Samples
The base metal microstructures of the CrMo and CMV steels consisted of ferrite and 
bainitic ferrite regions with the presence of MnS inclusions (less than about 2% volume). 
In the ex-service condition the bainitic ferrite has been severely degraded but more so in 
the CMV steel than the CrMo steel.
A direct comparison of the two types of steels shows the superiority of the CrMo 
material. This is supported by Table 10 which lists the Neubauer and the Toft and 
Marsden Classifications. In the PM region, although CrMo is initially softer, it shows less 
microstructural degradation than the CMV PM in the cross-weld samples. More 
importantly, creep cavitation is non existent in the CrMo PM, whereas it appears in 
isolated cases around MnS particles in the CMV PM zone. This is probably due to the 
high Cr and Mo contents in CrMo which stabilise the ferrite against creep deformation.
Creep cavitation damage in the HAZ is of greater concern than the creep cavitation in 
the PM since it is in the microstructurally weakened HAZ where most weldment failures 
have been recorded to occur30. The HAZ of the CMV steel (both HHI and LHI) is 
inferior in creep performance to the HAZ of the CrMo samples. Cavitation due to creep 
is present to a greater extent in the HAZ of CMV samples. In fact, it is the cause of two 
failures by Type IV cracking, and creep damage in the HAZ also resulted in the initiation
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of four Type IV cracks, even though these four samples ultimately failed in the WM 
region.
In the CrMo samples, only two samples showed an excessive amount of HAZ cavitation 
(Samples 1 and 3). Figure 37(a) shows a photomicrograph of a sample which exhibited 
extreme cavitation in the HAZ of CrMo steel. In contrast, Figure 37(b) represents a 
typical CrMo sample, which shows only isolated cases of cavitation in the HAZ.
Overall, the HAZ of CrMo steel is superior in creep cavitation resistance to the HAZ of 
CMV steel in both the HHI and LHI cases. Further, the HHI and LHI weld procedure 
produced no major differences in results in terms of microstructural cavitation and 
degradation.
5.3 EX-SERVICE CMV/CrMo WELDED PIPE
An ex-service butt welded CMV/CrMo steel pressure pipe which showed cracking near 
the weld of the CMV end was examined optically to reveal the type and cause of failure. 
Figure 71 shows a schematic representation of the butt welded pipe and it indicates the 
section of failure. The crack had not propagated all around the circumference.
crack HAZ
Figure 71: Schematic representation of the service-failed pressure pipe.
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Two samples were cut from the pipe for metallographic examination. The first section 
came from the cracked section and it contained the CMV BM; CMV-HAZ; WM; CrMo- 
HAZ; and CrMo BM . The second sample came from the uncracked section and it 
contained the same weldment zones.
This welded pipe sample reveals the behaviour of material weldments at operating 
conditions and temperatures. Examining service-failed components is the best way to 
study the effect of creep conditions on steels like CMV and CrMo, which fail in service 
in a given application. Although, accelerated creep tests are appropriate for making 
remaining life estimations, the service-failed sample reveals the true type and extent of 
damage in the whole pipe weldment. Ultimate failure occurred in the Type IV region.
Figures 68 shows photomicrographs of the different weldment zones in the service-failed 
component and Table 15 shows cavitation and microstructural evaluation (Neubauer and 
Toft & Marsden Classifications) of the component near the end of its life. This sample 
differs from the accelerated creep test samples in that the creep cavitation is spread 
throughout the parent phase and all the HAZ regions of the weldment, with the greatest 
concentration being present in the Type IV region. Table 15 shows that there is oriented 
cavitation (Neubauer Rating of C) in all the weldment zones except for the weld metal 
region (Neubauer rating of A). The Type IV region had the worst possible rating of E 
since this is where the cracking initiated and propagated. Even though the fine grained 
HAZ had a Neubauer rating of C, it was approaching the final stages of cavitation and 
the cavities appeared to be very near to coalescence. The microstructural damage 
classification (Toft and Marsden) in all the PM and HAZ regions of the service-failed 
component rated a D. However, the WM zone rated well in both the Neubauer (A 
rating) and Toft and Marsden (B rating) classifications. The photomicrographs in Figure 
69 reflect the ratings.
In comparing the service-failed welded pipe sample to the cross-weld samples from the 
accelerated creep tests the major difference evident is that the cavitation damage is 
localised in the accelerated creep tests because of the reduced amount of time for creep
144
cavities to nucleate in zones other than where creep rupture actually occurs. This is 
verified by the PM in CMV cross-weld samples having a Neubauer Rating of B, whereas 
the service-failed welded pipe sample has a Neubauer rating of C (cavitation oriented 
with the direction of stress).
In both the service-failed sample and the accelerated creep test cross-weld samples, the 
CrMo steel showed no cavitation damage in either the PM or HAZ. This observation 
supports the proposal in Section 5.2.3 that CrMo steel is the more creep resistant 
material. For example, very little or no creep cavitation occurred (Neubauer Rating A-B) 
in the HAZ of the CrMo steel, whereas the CMV material showed Neubauer ratings 
greater than C for the same temperature and stress conditions.
Figure 70 shows the hardness profile of the service-failed welded component after being 
exposed to service conditions at the operating temperature of 500-550°C. The hardness 
profiles in Figure 70 are similar to the profiles in Figures 44-47 and they show that the 
HAZ and WM are more affected by hardness decreases than the PM. This softening 
effect must be influential in the ultimate failure occurring in one of these weldment zones. 
The structural stability of the WM and HAZ relative to the PM is likely to result in 
progressive stress redistribution to these zones from the PM with time under creep 
conditions. The ‘dynamic’ recovery of these structures is likely to lead to continuously 
decreasing creep resistance and ultimately to the initiation of creep failure.
Judging by the orientation of cavitation in the PM, the CMV welded pipe was deemed to 
have failed by hoop stress induced cavitation possibly nucleated at MnS particles.
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5.4 REMAINING LIFE ASSESSMENT
Accelerated creep-rupture tests of cross-weld samples not only provide metallurgical 
information such as mechanisms of failure, hardness data and microstructural evaluation, 
they are primarily used to estimate the remaining life of material weldments. The aim of 
this project was to determine the remaining life of cross-weld samples repair welded by 
two different procedures, namely: the LHI (designed for optimum weld properties) and 
HHI (designed for inferior weld properties). These repair weld procedures were 
determined from comprehensive surveys conducted on Australian Industry Fabricators14.
In this section, three methods of remaining life are discussed, namely:
• extrapolation from ‘temperature versus time’ graphs,
• Larson-Miller Parameter (LMP), and
• ‘A’ parameter.
Additionally, an FEA model for computer simulation of stress distribution during creep 
testing was constructed by the Engineering Analysis Group at ANSTO.
5.4.1 Remaining Life Assessment of CrMo Cross-weld Samples
Figure 62 shows the ‘temperature versus log time’ graphs of the four series of samples. 
Figure 62(b) indicates, by extrapolation, the remaining life of CrMo HHI and LHI 
weldments at the operating temperature of 565°C. Therefore, if the operating 
temperature and the current life of the sample are the known parameters, then the 
approximate remaining life can be determined.
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The log fits in Figure 62(b) indicate that the HHI weld procedure for the CrMo samples 
gives longer creep life than the LHI weld procedure, despite the latter procedure being 
designed to give the better creep properties.
The operating temperature for the CrMo pipesteel weldments was 565°C. The expected 
life of the HHI cross-weld samples determined by extrapolation of the data in Figure 
62(b) is approximately 68 years. In contrast, the expected life of the LHI weld procedure 
at the same operating temperature is 10 years. Therefore, based on the direct log fits of 
the data, the HHI weld CrMo cross-weld samples clearly have the better creep 
properties.
The approximation in remaining life can be made conservatively or aggressively. An 
aggressive approach would imply taking the line of best fit from the data. However, a 
more conservative approach (one that would be taken by a consultant) would bias the 
line of best fit towards the remaining time providing the lowest possible time for a creep 
failure to occur.
A conservative approach in applying the log fit and testing more cross-weld samples 
(accumulating more data) particularly in the lower temperature range provide a different 
outlook on remaining life (see Figure 62(d)). For example, disregarding high temperature 
samples for both HHI and LHI CrMo samples shortens the remaining life predictions and 
indicates that the remaining life of the CrMo LHI series would be higher. This trend is 
expected as the LHI weld procedure was designed to provide optimum creep weld 
properties with a higher degree of structural and mechanical property compatibility 
between the WM and PM. The HAZ width is also smaller. A larger number of 
accelerated creep-rupture tests would provide a more accurate remaining life assessment.
Close inspection of all the test result obtained above 685°C (including the CMV samples) 
tends to indicate a break in the log fit trendline. These tests could be repeated to check 
the results. In addition, more tests could be carried out at lower temperatures closer to 
actual service temperatures.
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These predictions of remaining life are not designed to determine the exact time to 
failure, but instead provide a conservative indicator for the timing of a maintenance 
check or plant shutdown.
Additionally, the relationship between the results from a cross-weld creep test and a full 
size component need to be determined and the effects of stress redistribution need to be 
considered. These aspects are beyond the scope of this research project.
The LMP also allows the estimation of long term creep strength of materials on the basis 
of the accelerated creep tests. This parametric extrapolation technique incorporates 
rupture time and temperature into a single expression (see Equation 14) and, the 
remaining life of a material weldment can be calculated from this expression.
Table 11 lists the lowest LMP value from each group of specimens (see Figures 50-54) 
and hence allows the calculation of the remaining life of the four types of weldments in 
the weld repaired condition at normal operating temperatures. Interestingly, the 
remaining life at the service temperature (83 8K) was estimated to be 24 years for the 
HHI CrMo weldment and 25 years for the LHI CrMo weldment. Therefore, the LMP 
technique predicts the LHI and HHI CrMo weldments to have similar creep rupture lives 
at the service temperature. These results are compared with the ‘temperature versus 
time’ graph method of remaining life assessment in Section 5.4.3.
Similar to the ‘temperature versus time’ remaining life estimates, the LMP approach 
should not be used to determine the time of failure, but rather to indicate when a 
maintenance check or plant shutdown should be made.
The ‘A’ parameter method which was the final remaining life assessment technique 
considered is discussed in Section 5.4.5. This remaining life assessment technique was 
only applied to CrMo steel under the creep test conditions (40 MPa and 663 °C) and the 
estimates were based on two interrupted creep tests at 663 °C.
148
5.4.2 Remaining Life Assessment of CMV Cross-weld Samples
The ‘temperature versus time’ graphs for the CMV HHI and LHI cross-weld samples are 
shown in Figure 62(c). As for the CrMo samples the remaining life of the CMV 
weldments was determined at the operating temperature by extrapolation. Given the 
operating temperature and current life, the approximate remaining life can be calculated. 
As stated in Section 5.4.1, remaining life estimates can be made conservatively or 
aggressively, where the former is preferred by remaining life assessment engineers.
Based on the log fits in Figure 62(c) the HHI welded CMV samples exhibited longer 
creep life than the LHI cross-weld samples, even though the LHI weld procedure was 
designed to have the better weld properties.
The operating temperature of the CMV pipeline steel weldments was 538°C. The 
expected remaining life of the HHI cross-weld sample determined from the extrapolation 
of data in Figure 62(c) was 50 years. On the other hand, the expected remaining life of 
the LHI weld procedure with the same operating temperature was 22.8 years. These are 
radical life estimates based on direct log fits. However, it is widely considered in 
industry13 that at least three data points should be used for all weld or parent samples and 
that four should be used in cross-weld samples. As for the CrMo samples a conservative 
approach to the log fit of the data rates the LHI weld procedure ahead of the HHI weld 
procedure (see Figure 62(d)). It should be noted that as for the CrMo group of samples, 
tests on the CMV group of samples above 685°C tended to worsen the log fit, and 
hence this point was disregarded in the conservative line fit in Figure 62(d).
As mentioned previously, the relationship between the results from a cross-weld creep 
test and a full size component need to be determined and the effects of stress 
redistribution considered. These aspects are beyond the scope of this research project.
Secondly, the LMP approach was also applied to the CMV group of materials. The 
lowest LMP values for the CMV HHI and LHI samples at failure are shown in Table 11 
and, Figures 53 and 54. Using Equation 14, the remaining life of the HHI weldment was
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calculated to be 126 years and the remaining life of the LHI weldment was calculated to 
be 148 years. This implies that the HHI and LHI weldments have similar creep lives 
considering the time scale involved. However, the remanent lives are higher by a factor 
of about 5 compared to the CrMo samples because of the significantly lower service 
temperature (538°C versus 565°C). These results are further discussed in Section 5.4.3 
where they are compared to the ‘temperature versus time’ graph method of remaining 
life assessment.
These methods for predicting remaining life are not meant to determine exactly the time 
to failure but instead provide a suitable (conservative) indication for when a maintenance 
check should be made. Three options available at the completion of the predicted 
remaining life are:
• make another remaining life prediction,
• weld repair, or
• plant shut down/replacement.
5.4.3 Comparisons of Remaining Life Assessment of CrMo and CMV
The remaining life estimates based on the ‘temperature versus time’ graphs and LMP 
expression (Equation 14) are only useful for comparative reasons. The LMP 
extrapolation technique (master curve) is not useable for direct comparison, but only for 
comparing and determining the remaining life in different weldment zones. However, the 
relationship between a cross-weld sample and actual component needs to be determined 
so the remaining life estimates from ‘temperature versus time’ graphs and the LMP 
equation can be determined.
For remaining life estimates based on 538°C and 565°C respectively for CMV and 
CrMo, the lives in decreasing order are:
1. HHI CrMo (68 years)
2. HHI CMV (50 years)
3. LHI CMV (22.8 years)
4. LHI CrMo (10 years)
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It should be noted that the appropriate service operating temperatures of 565°C and 
538°C were respectively used for the CrMo and CMV steel and that for the same service 
temperature the CrMo steel would be clearly superior.
Based on the direct log fits in Figure 62(a) and assuming a common service temperature, 
the remaining life of the four groups of samples ranked in the order of greatest remaining 
life to the shortest remaining life are:
1. HHI CrMo
2. HHI CMV
3. LHI CrMo
4. LHI CMV
A number of interesting points can be made from analysing the above order. Firstly, the 
supposedly ‘inferior’ HHI welded samples out-perform the LHI cross-weld samples for 
the same conditions, and the HHI CrMo samples out-perform the HHI CMV samples. 
This latter result is strongly supported by optical microscopic analysis: Neubauer and 
Toft & Marsden Classifications.
Alternatively, if a conservative approach is considered as shown in Figure 62(d) and 
assuming a common service temperature, the four groups of samples ranked in order of 
greatest to shortest remaining life are:
1. LHI CMV
2. LHI CrMo
3. HHI CrMo
4. HHI CMV
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Applying the conservative approach the LHI samples out-perform the HHI samples as 
would be expected since the LHI weld procedure was designed to be superior in terms of 
weld creep properties. It should be noted that Figures 62(a) and (d) should not be 
considered as highly accurate. More tests are needed and the validity of the accelerated 
creep tests above 685°C should be rechecked. However, what is gained is that these four 
groups of samples show similar creep rupture times at the accelerated test temperature 
range; and the temperature versus time graphs provide an estimate of remaining life for 
the cross-weld samples. A conservative analysis of these results is logical for remaining 
life assessment.
In comparing the remaining life estimates of the ‘temperature versus time’ graph method 
to the LMP equation technique (see Table 11), there are relatively large differences in the 
predictions of the remaining life of each type of weldment. The LMP predictions are 
based on the smallest LMP value for each set of data even though a range of values is 
observed; and the ‘temperature versus time graph’ method involves extrapolation from a 
higher to lower temperature which is prone to some uncertainty. The differences were:
• CrMo HHI: LMP estimate about 3 times lower;
• CrMo LHI: LMP estimate about 2.5 times higher;
• CMV HHI: LMP estimate about 2.5 times higher, and
• CMV LHI: LMP estimate about 5 times higher.
5.4.4 Finite Element Analysis of a Crept Cross-weld Sample
A finite element model was constructed to estimate stress distributions along a cross­
weld sample as a function of creep. In essence, the FEA model provides a simulation of a 
creep test using a computer. Results of FEA calculations are represented on FEA stress 
distribution plots. Figure 63(a) is a sample at the initial stages of creep and it shows a 
build up of stress concentration in the WM zone adjacent to the HAZ (this is indicated by 
the red and yellow section of the stress distribution plot). As time proceeds (Figures 
63(b-d), necking in the HAZ occurs to accommodate the stress redistribution into the
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HAZ. A particularly high stress concentration develops adjacent to the HAZ and the 
FEA model predicts a failure in the WM adjacent to the HAZ. Interestingly this is the 
region where failure occurred for thirteen of the sixteen creep rupture tests on CrMo and 
CMV cross-weld samples.
Another interesting outcome of the FEA model is the higher stresses predicted in the PM 
compared to the HAZ. This suggests a stress redistribution out of the HAZ into the PM 
occurs. However, analysis of the predicted behaviour is beyond the scope of the. present 
work.
5.4.5 Interrupted Creep Tests
Two interrupted creep tests were conducted on HHI CrMo steel. The testing 
temperature of the interrupted cross-weld samples was 663°C to enable a direct 
comparison of the samples and because of time limitations. Figure 64 shows the creep 
curves of Samples 17 and 18 in relation to Sample 1. Sample 18 followed the creep 
curve of Sample 1 and it was taken to 0.75tf. Sample 17 was only taken to 0.35 tf due to 
it being in the tertiary stage of creep and it did not simulate the creep curve of Sample 1. 
Optical microscopy revealed that the most severe necking and creep cavitation occurred 
in the WM region and obviously the sample was about to fail in that region (see Figure 
65(a)). The probable reason for this early stage of rapid necking was a flaw in the WM 
(possibly WM inclusions or voids). However, this could not be verified by optical 
microscopy.
Sample 18 was interrupted at 0.75 tf and based on Figure 72 was expected to have 
oriented cavities for which the ‘A’ parameter was to be measured. However, optical 
microscopy after numerous repeat polish-etch cycles revealed that no cavitation was 
present in Sample 18 in either the HAZ and WM regions. From the extent of cavitation 
in Samples 17 and 18 it can be confidently stated that in CrMo at 663°C, cavitation does 
not nucleate until the later stages of creep (tertiary creep stage). The optical micrographs
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in Figures 65 and 66, together with Table 14 show the absence of creep cavities in these 
samples, in contrast to the predictions implicit in the inserts in Figure 72.
Figure 67 shows the hardnesses of various regions of interrupted cross-weld samples 
compared to Sample 1, which was taken to rupture. As mentioned, Samples 1,17 and 18 
were exposed to the same creep test conditions (apart from time) and the dynamic 
softening evident is substantial. This figure shows that significant softening occurs during 
creep, especially in tertiary creep. The hardness values for Samples 17 and 18 in the 
various weldment zones differ only slightly (<25 HV). This suggests that in the initial and 
intermediate stages of creep very little softening occurs in the weldment zones.
Comparing the hardnesses of Samples 17 and 18 to that of Sample 1, reveals the 
extensive nature of the dynamic softening process. The HAZ and WM regions exhibit 
hardness changes of greater than 40 HV and the PM regions show softening of about 30 
HV. These hardness values together with the creep curves shown in Figure 64 support 
the notion that substantial dynamic softening occurs in the latter stages of a weldment’s 
creep life.
As for the hardness traverses in Figures 44-47, Figure 67 also shows that there is a more 
dramatic change in hardness in the HAZ and WM region than in the PM region. This 
must have a substantial effect on the creep resistance of these zones.
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Damage
parameter Action required
A None until next 
major scheduled 
maintenance outage
B Replica test at 
specified interval
C Limited service 
until repair
D Immediate repair
Fracture
Exposure time
Figure 72: Creep life assessment based on cavity classification.56
5.4.5.1 LMP M aster Curves
With respect to HHI CrMo weldments, the LMP/hardness extrapolation technique was 
applied to Samples 1, 17, and 18. Sample 17 and 18 were the interrupted creep tests 
conducted at the same temperature as Sample 1 which was taken to failure. This 
technique incorporates the LMP expression and hardness data to create a master curve 
which can be used to determine the time or temperature taken to undergo a certain 
hardness reduction. An advantage of the LMP approach is that master curves can be 
generated for each of the weldment zones. Figures 68 (a) and (b) respectively show the 
LMP master curves for the HHI CrMo weldment in the two zones where failures have 
been reported to occur, the WM region and the FG HAZ.
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The following hypothetical example illustrates the simple nature of the LMP approach 
for predicting the temperature or time to produce a particular level of reduction for 
strength or hardness. Consider the master curve for the WM zone of CrMo HHI, Figure 
68 (a). For a welded pipe of CrMo HHI in service for 200,000 hours, the hardness of the 
WM is determined to be 160 HV giving a H/Ho ratio of 0.73. Using the master curve a 
LMP of 21200 is determined. From the known parameters of a service time of 200,000 
hours and a LMP of 21200, the operating temperature is estimated to be 565°C.
5.4.5.2 ‘A’ parameter predictions
Remaining life assessment based on the ‘A’ parameter relies on calculating the fraction of 
cavitated grain boundaries to total grain boundaries. Equation 17 shows how remaining 
life, trem, can be determined. The most commonly used values for rj and X in Cr-Mo steels 
are 3 and 2.5, respectively56.
Table 14, which lists the remaining life calculations, shows that the testing of interrupted 
samples of CrMo steel allowed only one ‘A’ parameter to be measured. This was the ‘A’ 
parameter of the WM zone of Sample 17 which showed a value of 0.736 based on an 
average of 50 ‘A’ parameter calculations. From this figure the remaining life was 
calculated to be 315 hours. Analysing the creep curve generated from that sample (see 
Figure 64) it is obvious that the sample is likely to fail before the estimated time. The 
sample was in the final stages (tertiary) of creep and its elongation was approximately 10 
mm and increasing at a rapid rate.
The ‘A’ parameter method in this case over-estimated the remaining life and Figure 72, 
which is based on a pressure vessel component from a German power plant, does not 
seem to apply to the interrupted HHI CrMo cross-weld specimens tested at 663 °C. 
Cavitation, as shown in Sample 17, nucleated in the final stage of creep life and 
developed rapidly in the CrMo sample tested at that temperature.
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Interrupted creep tests on CMV cross-weld specimens would be more appropriate for 
applying the ‘A’ parameter technique of creep life assessment as the CMV cross-weld 
samples showed extensive cavitation in all the weldment zones, particularly in the 
intercritical HAZ and the WM regions.
5.4.6 Summary of the Remaining Life Assessment Techniques
Three methods of remaining life assessment were considered, namely:
• extrapolation from ‘temperature versus time’ graphs,
• extrapolation from LMP/hardness master curves, and
• the ‘A’ parameter method.
These three techniques are useful in their own way and they can be applied to different 
situations in industry. Additionally, the FEA model can be used for predicting the region 
in the weldment zone where failure is most likely to occur. Each remaining life 
assessment technique should not be used in practice to estimate the time to failure, but 
instead to indicate the timing of a maintenance check or plant shut down. Microstructure 
can also be monitored to plan the timing of a maintenance check.
‘Temperature versus time’ graphs enable the prediction of remaining life via 
extrapolation of data from accelerated creep tests. Accelerated creep testing allows the 
comparison of the creep-rupture lives of different materials, repair welded in different 
ways at the operating temperature via extrapolation. It should be noted the rupture time 
of a sample is size and geometry dependent, and the relationship of test behaviour to 
service behaviour needs to be clearly established. At present, this method of remaining 
life is only suitable for directly comparing different materials and assessing their relative 
creep lives.
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One of the major problems with using higher temperature (accelerated) creep tests to 
predict creep life at the lower service temperatures is that there is no absolute certainty 
that the mechanisms of creep and creep failure remains the same at the higher 
temperatures. Moreover, the microstructural evidence that failure occurred 
predominantly in the WM at higher temperatures in the cross-weld samples with little 
general cavitation is inconsistent with the known prevalence of service failure in the HAZ 
with extensive general cavitation in the PM and HAZ regions. The lower temperatures 
and longer terms of service exposure evidently modify stress transference and the 
mechanism of cavity nucleation leading ultimately to a different failure site to that of the 
accelerated tests. Other unknowns are the effect of higher temperatures (up to about 
100°C higher) on the coarsening and dissolution of carbide particles. The ferrite matrix is 
likely to have higher levels of Cr, Mo and V in solution and smaller volume fraction of 
coarser alloy carbides distributed throughout the structure. Any discontinuous change in 
volume fraction of M02C could result in a discontinuous change in creep behaviour. The 
poor fit of the high temperature tr data points may reflect such a change.
The accelerated creep tests may have introduced an easier mechanism of failure (WM 
failure), therefore in effect they have automatically introduced conservatism in the 
‘temperature versus time’ graph method for remaining life.
Also, microstructural indicators can be used in situ with this method. For example, 
Figure 72 shows schematically how microstructure can be used to determine the stage of 
creep of the engineering component and hence monitor its creep life.
Secondly, the LMP parametric extrapolation technique can be combined with hardness to 
obtain another extrapolation method for determining remaining life. This method is 
simple and easy to use and it works on developing LMP versus hardness master curves 
from which failure time can be determined from the time to reach a critical hardness. The 
data needed for the LMP are determined from the time to failure of accelerated creep 
tests and the critical hardness for failure is measured from the failed specimens. The LMP 
along with many other parametric extrapolation techniques can use accelerated creep 
data to develop master curves for predicting the remaining life of actual components in
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service, provided the operating temperature and current life are known. When hardness 
is measurable the LMP can be derived from a master curve and, with the known 
parameter of temperature, the remaining life to reach that critical hardness can be 
calculated. Therefore, simple hardness checks of an engineering component can 
determine the remaining life before action in the form of maintenance checks have to be 
taken. As for the ‘temperature versus time’ graph method of remaining life assessment 
the more data collected the more accurate the life estimate.
Thirdly, the ‘A’ parameter remaining life assessment technique is a damage parameter 
technique where the number fraction of cavitated grain boundaries is calculated.
Predictions for HHI CrMo samples were compared to the known failure time of Sample 
1 which was approximately 900 hours. Sample 17 which was taken to 0.35tf resulted in a 
calculation of t rem of 315 hours (see Table 14). This is a marked over-estimate of the 
remaining life of the sample, because the sample was already in the tertiary stage (see 
Figure 64 in Section 4.7).
Sample 18 which was taken to 0.75tf showed no cavitation at this stage of its life, and 
therefore the remaining life by the ‘A’ parameter could not be predicted. In CrMo 
samples the ‘A’ parameter method can not readily be used because cavitation does not 
occur until late in the creep test.
Finally, FEA models provide an additional dimension to the remaining life assessment of 
repair welded low alloy steel cross-weld specimens. FEA models successfully predict 
failure in the WM zone adjacent to the HAZ, additionally they also predict severe 
necking to the HAZ compared to the adjacent failure. Surprisingly, the FEA model 
shows a greater level of stress in the PM than in the HAZ. This may be valid as low 
stresses are being considered and the effects of stress redistribution are not yet fully 
understood even though they are considered to occur toward the HAZ.
In summary, a number methods of remaining life assessment have been presented which
make different predictions of the remaining life of repair welded CrMo and CMV cross-
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weld specimens. Also, FEA provides another dimension in explaining the failure of the 
cross-weld specimen in the WM region.
CHAPTER 6
CONCLUSIONS
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6. CONCLUSIONS
The initial phase of the work involved outlining the creep test program to be conducted 
on CrMo and CMV cross-weld samples. Three remaining life assessment techniques 
were considered for repair welded service aged CrMo and CMV pressure vessel steels. 
Two techniques are based on extrapolation of creep curves generated from accelerated 
creep test data and one which is an estimate based on a calculation from a damage 
parameter (‘A’ parameter). Complementary optical and scanning electron microscopy, 
FEA and hardness values were used to aid the three remaining life assessment 
techniques. Data from these tests and the corresponding analysis led to the following 
conclusions.
(1) All four groups of samples (CrMo HHI, CrMo LHI, CMV HHI and CMV LHI) 
exhibited similar creep rupture lives, with the HHI samples, on the basis of the 
recorded data, unexpectedly out performing the LHI samples.
(2) The CrMo samples out-performed their respective CMV sample, on the basis of the 
creep data, and this trend was further supported by microstructural analysis.
(3) The LMP method is capable of predicting the time for the weldment to reach a 
particular hardness in specific zones.
(4) Failures predominantly occurred in the WM region, but most CMV samples and one 
CrMo sample exhibited cavitational damage and cracking in the HAZ.
(5) The HAZ creep properties of CrMo samples were superior to the HAZ creep 
properties of CMV samples.
(6) At higher testing temperatures (> 675°C) cavitation was localised to the region near 
the failure site of the test piece.
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(7) All creep failures were intergranular, resulting from coalescence of cavities which 
were frequently observed to nucleate at non-metallic inclusions in both the WM and 
HAZ of the cross-weld samples.
(8) Accelerated creep test, microscopy and hardness results were consistent with data for 
a service-failed pressure pipe, except that the extent of cavitation was found to be far 
greater in the service-failed pipe, occurring in the majority of the weldment zones.
(9) The use of accelerated creep tests to extrapolate to predictions of remaining life at 
lower temperatures should be viewed with some caution since the dominant WM 
failure site was not that expected on the basis of failure analysis of ex-service CrMo 
and CMV steels.
CHAPTER 7
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APPENDIX A - Welding Procedures for CrMo and CMV.13
The welding procedures for CrMo and CMV are identical, hence the procedure for 
CrMo only is presented.
Welding Code Applicable AS 1228 -1990
Welding Process Gas Tungsten Arc Welding (GTAW) and Manual Metal Arc
Welding (MMA)
Edge Preparation Machine/Ground
Table: Procedure Details
Parameter Low Heat Input 
Procedure
High Heat Input 
Procedure
Preheat (min) 200°C (Electric Elements) 
maintained throughout 
welding
200°C (Electric Elements) 
maintained throughout 
welding
Heating Rate (max) 125°C/hr 125°C/hr
Max Interpass Temp 350°C -
Root Run GTAW GTAW
Consumable Cr Mo 2 Cr Mo 2
Size 2.4 mm 2.4 mm
Fill MMA MMA
Consumable AS 1552-73 E6218-B3 AS 1552-73 E6218-B3
Size See deposition sequence - 
Figure 1
See deposition sequence - 
Figure 2
Welding Parameters Refer to Fig 1 Refer to Figure 2
Post Weld Heat Treatment Electric Elements Electric Elements
Heating Rate 125°C/hr 125°C/hr
Hold Temperature 680-720°C 680-720°C
Soak Time 3 hours 3 hours
Cooling Rate 160°C/hr 160°C/hr
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Figure 1: Deposition sequence for low heat input procedure.
Electrode Description Welding Parameters Electrode Manipulation
Run
No
Diam
(mm)
Type Amps Volts Polarity
1 2.4 CrMo 2 100-120 10-20 DC-
2 2.5 E6218-
B3
80-110 20-35 DC + stringer only (no w eaving)
3 2.5 E6218-
B3
80-110 20-35 DC + stringer only (no w eaving) 
Electrode at 20-45° angle to 
preparation face
4 3.25 E6218-
B3
90 - 120 20-35 DC + stringer only (no w eaving)
5 4.0 E6218-
B3
100-130 20-35 DC + stringer only (no w eaving)
6 2.5 E6218-
B3
80-110 20-35 DC + stringer only (no w eaving)
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Figure 2: Deposition sequence for high heat input procedure.
Electrode Description Welding Parameters Electrode Manipulation
R u n
No
Diam
(mm)
Type Amps Volts Polarity
1 2.4 CrMo 2 100-120 10-20 DC-
2 2.5 E6218-
B3
80-110 20-35 DC + stringer only (no weaving)
3 3.25 E6218-
B3
90-120 20-35 DC + weaving only (electrode 
perpendicular to preparation 
face)
4 4.0 E6218-
B3
100-140 20-35 DC + weaving only (electrode 
perpendicular to preparation
face)
5 3.25 E6218-
B3
90-120 20-35 DC + stringer or weaving
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APPENDIX B - Satec Creep Rupture Stress Rig at ANSTO
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APPENDIX C - Typical RA (%) versus Position for Creep Tested Samples
Position (mm)
Figure A: RA (%) versus position of Sample 4 (CrMo).
Position (mm)
Figure B: RA (%) versus position of Sample 13 (CMV).
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APPENDIX D - Photographs of Test Pieces
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Figure A: Photograph of Sample 15 (WM failure). Note the necked HAZ on the left 
piece and severe necking of the WM near the failure site.
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Figure B: Photograph of Sample 16 (HAZ failure). Note, less necking at the failure site 
than the sample in Figure A.
178
Figure C: Photograph of interrupted creep Sample 17 (0.3 5tf).
Figure D: Photograph of interrupted creep Sample 18 (0.75tf).
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APPENDIX E - Neubauer Classification.39
D
E
APPENDIX F -Toft and Marsden Classification.52
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